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The discovery of the strong room temperature visible photoluminescence (PL) 
emission from porous Si in 1990 has been the catalyst for much of the recent study 
on the visible PL emitting semiconductor nanocrystalline materials. Silicon, an 
indirect bandgap semiconductor, in the form of nanoparticles is thought to emit strong 
visible light due to quantum confinement effects and, in the near future, will replace 
GaAs (and the other direct bandgap III-IV semiconductors) as for the light emitting 
devices such as lasers. On the other hand, mainly due to its much larger exciton 
Bohr radius, Ge, in the form of nanocrystals, is expected show more pronounced 
quantum confinement effects compared to Si nanocrystals. SiGe alloys also 
constitute a more attractive material than Si in terms of both industrial applications 
and fundamental research: the lifetime of the 'porous Si-like' PL of porous SiGe is 
observed to be approximately two orders of magnitude faster than that of porous Si. 
Moreover, the bandgap of Si-Ge alloys can be intentionally varied between those of 
pure Si and Ge via the alloy composition. 
In this study, an investigation has been made of the microstructural properties of 
visible PL Group IV nanostructures (SiGe and Ge) that have been rather much less 
studied in the literature, for example, in comparison to Si nanocrystals. For the first 
time in the literature the confinement of phonons in SiGe nanocrystals has been 
shown, in anodised porous SiGe films, and variations in the film composition were 
estimated utilising Raman spectroscopy. 
Methods such as stain etching, ion-implantation, and spark processing, were 
employed to synthesise Ge nanostructures. Particle sizes were usually estimated by 
modelling the Raman spectra in line with a phonon confinement model. Properties of 
2-10 nm Ge nanostructures, ranging in structure from partially amorphous to 
crystalline, and in various environments, e. g. oxide matrices, were studied. Typical 
PL spectra were observed in the visible from these samples. These spectra were 
determined to be originating either due to Ge nanocrystals or other chemical origins, 
such as defects in GeOXs or defects in host matrices (e. g. Si02, GeO, ). It is 
recommended that samples with a wider range of particle sizes must be prepared, 
preferably 'oxide-free', using the first two methods, and characterised optically from 
near UV to near IR in order to observe clearly the size dependence of the PL 
emission from Ge nanocrystals. 
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INTRODUCTION 
The discovery of visible, strong and room temperature photoluminescence (PL) from 
silicon (Si) nanocrystals opens new possibilities for the use of Group IV indirect-gap 
semiconductors as materials for optoelectronic applications such as light emitting diodes 
and display devices. Among the several forms of semiconductor nanostructures, porous 
silicon (PS) is the most studied material to date. On the other hand, visible luminescence 
from germanium (Ge)-based nanocrystals, for example, is much less well studied. For the 
Si nanocrystals, despite the continuing discussions, it has been recently become clear that 
both quantum confinement effects and surface states are likely to play a role in the visible 
PL from this material. 
In this project, we aimed to study the structure of visible luminescent SiGe alloy and 
Ge nanostructures that have been studied rather much less in the literature. In particular, 
various methods, such as anodisation, chemical (or stain) etching, ion-implantation and 
subsequent annealing, and spark processing, have been utilised to synthesise and 
characterise Ge nanocrystals. 
SiGe alloys have attracted much interest since the early 1970's due their adjustable 
bandgaps between those of bulk Si (1.17 eV) and Ge (0.67 eV). Moreover, the lifetime of 
the visible PL from porous SiGe (PSG) alloys, that is very similar to the orange PL of PS 
in air, has been reported by a few groups to be about two orders of magnitude faster than 
that of PS. These two effects might make PSG a more attractive material than PS in the 
future in terms of device applications. We observed that none of those studies on PSG 
1 
had actually studied in depth the microstructure (especially crystal size and type, and any 
alterations -if there are any- in the alloy composition from the starting substrate 
materials) of their PSG samples. Understanding and controlling of these effects are 
essential for any future applications of PSG material. 
We prepared, therefore, a set of nanoporous SiGe films from molecular beam epitaxy- 
grown Si0.87Geo. 13 epilayers (on Si substrates) by anodisation, and examined extensively 
their microstructure, using micro-Raman spectroscopy and scanning electron microscopy, 
as a function of material preparation parameters. We have shown, for the first time, the 
confinement of phonons in SiGe alloy nanocrystals and estimated the particle sizes 
quantitatively, along with the compositional variations that took place in favour of Ge, as 
a function of sample preparation parameters. Yet our results are preliminary, since only 
one specific atomic composition (of the starting layers) was used to prepare PSG and the 
average particles sizes studied were relatively large (between 10 and 20 nm) and they 
could not be taken as responsible for the visible PL. 
More recently there has been an increase in the number of studies on the visible PL 
from Ge nanostructures. This is because Ge nanocrystals are expected to show more 
pronounced quantum size effects than Si nanocrystals, especially due to a larger exciton 
Bohr radius (17.7 nm versus 4.9 nm). However, it is interesting that chemically prepared 
samples, and samples prepared by other techniques, such as co-sputtering and subsequent 
annealing, where there are Ge atoms in contact with 0 atoms, are mostly reported to 
show PL in the 2.1-2.3 eV range of the electromagnetic spectrum (other reported PL 
bands fall into the blue and orange/red wavelengths). These are summarized and 
tabulated at the end of Chapter 2. 
2 
Towards determination of the origin of the 2.1-2.3 eV (yellow-orange) PL, we prepared 
chemically-etched Ge by both anodisation and stain etching methods. Anodisation with 
HF solutions did not yield visible PL chemically-etched Ge samples, however visible PL 
(2.3 eV peak energy) was observed from stain-etched Ge samples. Ge nanocrystals were 
observed in one group of stain-etched samples produced using a novel etchant. The PL 
behaviour of these samples through annealing in different chemical environments, and 
that of other stain-etched Ge samples (containing no Ge nanostructures but merely 
germanium oxides) as well as crystalline Ge02, made it possible to attribute the origin of 
the yellow-orange PL from these materials not to quantum confinement effects but to the 
luminescent defects in germanium oxides. 
Preliminary nanocrystalline Ge samples were successfully fabricated by implantation of 
Ge ions at a range of doses into thermally-grown Si02 films and subsequent high 
temperature annealing (between 700 and 1050 °C). Structural and luminescent properties 
of these films were characterised using a wide range of techniques, including secondary 
ion mass spectrometry, transmission electron microscopy, micro-PL and -Raman 
spectroscopy, and PL spectroscopy. It has been observed that defect centres in the silicon 
oxide matrix or in germanium oxides can emit visible PL near 2.0-2.3 eV. Moreover, it 
was also well-demonstrated by using micro-PL and Raman spectroscopy that Ge ion- 
implanted and annealed Si02 films containing well-formed Ge nanocrystals exhibit non- 
negligible increases in the visible PL intensity in comparison to as-implanted and oxide- 
removed counterpart samples. Therefore, it was concluded that one cannot totally rule out 
the possibility that Ge nanocrystals might themselves emit or take a role in the visible 
luminescence. 
3 
Spark-processed semiconductors are expected to possess nanocrystals of the substrate 
material (with sizes between 2-10 nm), as known from the mostly studied spark- 
processed substance, the visible PL sp-Si. In recent years, visible PL from spark- 
processed Ge (sp-Ge) has also been reported. At room temperature the main PL peak of 
sp-Ge is situated near yellow-green (2.3 eV) having two shoulder peaks in the blue 
(3.0 eV) and orange (2.0 eV). To date the origins of these PL bands have not been 
comprehensively understood. There is a debate as to whether all or any of these PL bands 
originate due to defects in germanium oxides or Ge nanocrystals, or involve both. In 
addition, the microstructure of sp-Ge has not been studied in detail thus far. Specifically, 
no direct link has been made yet between the Ge nanocrystals (or any other chemical 
species in the films) and the visible PL. 
In this study, our other objective was to investigate the microstructure of visible PL sp- 
Ge and correlate it with the (orange) PL emission using simultaneously performed micro- 
Raman and micro-PL spectroscopy. In order to provide direct comparison with the 
literature, several samples were prepared under equivalent conditions with those reported 
in the literature. It was found that the films are composed of mainly sub-stoichometric 
germanium oxides and elemental Ge (in the form of nano- or micro-crystals). Ge 
nanocrystals of sizes comparable to 6-7 nm were observed by the Raman spectra. It was 
suggested that the Ge crystals were embedded into thick germanium oxide layers, which 
showed structural inhomogeneities in terms of local structural configuration and 
stoichometry, across a single film or between the similarly prepared samples. 
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The micro-PL spectra, simultaneously taken with the micro-Raman spectra, in the 
orange PL band enabled us to determine unambiguously that this PL band did not involve 
any kind of Ge-Ge bonded material, i. e. Ge nanocrystals, but presumably Ge-O bonded 
material. It has been established by this study that this rather unique technique 
(i. e. simultaneous micro-Raman and micro-PL spectroscopy) pose great advantages in 
determining the material type (or the simple chemistry) responsible for the PL, provided 
that the nature of the material allowed the observation of differences between such 
spectra. Since the sp-Ge films showed such a behavior indeed, we find it favourable to 
propose that the microstructure of sp-Ge films would enable one also to study the origin 
of the other PL bands (blue and yellow-green) using the same method but different 
excitation energies. 
Finally, as a concluding remark, it is strongly recommended that, in order to study the 
size dependence of the PL emission of Ge nanocrystals, nanocrystalline samples with a 
wider range of particle sizes must be prepared, preferably as oxide-free as possible, and 
optically characterised, especially with PL and bandgap measurements, throughout from 
near IR to near UV. 
5 
CHAPTER 1. INTRODUCTION TO GROUP IV 
SEMICONDUCTORS 
1.1 THE BAND THEORY OF SOLIDS 
The energy band structure of a solid determines whether it is an insulator, a conductor 
or a semiconductor. The existence of electron energy bands in solids makes it possible to 
understand the most varying property of solids, namely their electrical resistivity: a value 
of 1.7x10-8 S2 m for the dc electrical resistivity of copper, a good conductor, is more than 
25 powers of ten smaller than the value of 7.5x1017 S2 m for the electrical resistivity of 
quartz which is a good insulator. 
The electrical and optical behavior of a solid is governed by its energy bands, the gaps 
between them, and the extent to which they are filled by electrons. Materials with 
electrical resistivity lying in the range of 10"5-107 )m can be classified as 
semiconductors [1]. A semiconductor has an energy gap between zero and 3 electron 
volts (eV) for electronic excitations from its valence band to the conduction band (that is, 
its fundamental bandgap), whereas a metal or semimetal has a zero bandgap and an 
insulator has a bandgap of larger than 3 eV. 
The origin of the energy bands in terms of the periodicity a crystal lattice imposes on 
the motion of the electrons is explained by the solution of the Schrödinger equation for 
6 
the Kronig-Penney model, which was suggested in early 1930's [2]. The key assumption 
of the Kronig-Penney model is that the solution of the Schrödinger equation is a Bloch 
function, which takes into account the periodicity of the lattice. A detailed explanation 
can be found in any of the standard textbooks [3-5]. 
1.2 SEMICONDUCTORS 
Many different chemicals can be semiconductors, including both elements and binary 
compounds. The semiconducting elements silicon, germanium and tin, from column IV 
of the periodic table, have the diamond crystal structure (see 1.2.2). The diamond form of 
carbon is more properly classified as an insulator owing to its bandgap of - 5.5 eV. 
Silicon and germanium are the technologically most important semiconducting elements. 
Red phosphorus, boron, selenium, and tellurium are the other semiconducting elements, 
and these have complex crystal structures. 
Semiconducting compounds are generally formed by the elements from columns III and 
V of the periodic table, III-Vs, or from columns II and VI of the periodic table, II-VIs. 
There are also many more complicated semiconducting compounds, such as oxides and 
organics. 
1.2.1 Effects of Doping and Temperature on Resistivity 
An intrinsic semiconductor is one in which the semiconducting properties are due to the 
pure material itself. In such semiconductors, conduction band electrons only come from 
7 
formerly occupied valence band levels, leaving holes behind them. In an extrinsic 
semiconductor, impurities contribute a significant fraction of the conduction band 
electrons or valence band holes. An extrinsic semiconductor is called n-type or p-type 
according to whether the dominant carriers are electrons or holes respectively. In n-type 
semiconductors, impurity atoms are called donors as they can give up electrons to the 
conduction band, and impurity atoms in p-type semiconductors are called acceptors as 
they accept electrons from the valence band, leaving holes in the band. 
The resistivity of an extrinsic semiconductor is much lower than for its intrinsic state. 
This is because it is far easier to excite a hole into the valence band from an acceptor 
level or an electron into the conduction band from a donor level, than it is to excite an 
electron across the entire energy gap from valence to conduction band. This can be better 
understood from Fig. 1.1 where the resistivity of antimony doped Ge (n-type) is plotted 
versus the inverse of temperature for a variety of impurity concentrations. As the 
concentration of donors increases the resistivity (or the conductivity) decreases 
(increases). It can be also deduced from Fig. 1.1 that for most doping concentrations the 
electrical resistivity of a semiconductor decreases with rising temperature, opposite to the 
behavior for metals. 
8 
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Figure 1.1 The resistivity of antimony-doped Ge as a function of I 'I' tin several impurity 
concentrations [11. 
1.2.2 Diamond Crystal Structure 
Scmicunrluctors can be in the crystalline state, that is in an ordered state exhibiting a 
perfectly regular 3-D arrangement of atoms, or in the amorphous state, that is in a 
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chemically or statically disordered state. Crystalline structures can he described in terms 
of translational, rotational, and reflection symmetries. 
Pr mitivc lattice vectors can be chosen for a given crystalline array of atoms so that the 
direct lattice can be obtained by translating a point by multiples of the primitive lattice 
vectors. The lattice for diamond is face-centred-cubic (FCC) with a basis of two atoms, 
one at (0,0,0), the other at Diamond can he viewed as the result of 2 
interpenetrating FCC lattices displaced from each other by one quarter of' the cube 
diagonal distance. In Fig. 1.2 the diamond structure and FCC lattice with its primitive 














Figure 1.2 (a) The diamond structure. For clarity atoms inside the cube are un-shaded. (b) I'hr lattice tor 
the dianxind structure, i. e. the FC(' lattice, with a set of primitive lattice vectors. 
Numbers specifying the size of a unit cell (a single parameter (L) in cubic crystals) are 
Y 
called ! aalet' constants. Si and Ge are two important examples of elements crystallising in 
i 
the diamond structure with lattice constants 5.43 A and 5.66 A, respectively. Each atom 
in diamond has 4 tetrahedrally-arranged nearest neighbors and 12 second and 12 third 
nearest neighbors. These are the first three coordination numbers for the diamond 
structure. 
1.2.3 Reciprocal Lattice and Brillouin Zone 
In three dimensions, if a, b, and c are a set of primitive vectors for a direct lattice, then 
the reciprocal lattice can be generated by the three primitive reciprocal lattice vectors, 







a. bxc a. bxc a. bxc 
where a. bxc is the volume of the primitive cell [1]. The reciprocal lattice is the set of 
points generated by translating a point of wavevector k by multiples of the primitive 
reciprocal lattice vectors. The reciprocal lattice is a compact way of tabulating two 
important properties of crystal planes, that is their slopes and their interplanar spacing. 
Miller indices of a lattice plane are the coordinates of the shortest reciprocal lattice vector 
normal to that plane, thus for example a plane with Miller indices (hkl) is normal to the 
reciprocal lattice vector. G=h p+ k q+ lr. Secondly, the length of the vector G(hkl) is 
2it / d(hkl) where d is the separation of the planes (hkl). 
The first Brillouin zone (BZ) is the smallest volume entirely enclosed by planes 
perpendicularly bisecting the reciprocal lattice vectors. The reciprocal lattice for the FCC 
11 




Figure 1.3 Brillouin zone of the FCC lattices with the standard labels of the symmetry points and axes 
indicated [6]. 
The BZ is highly symmetrical due to the symmetry from the direct lattice and hence the 
crystal. In Fig. 1.3 high symmetry points on the surfaces and lines inside the BZ are 
labeled using some letters. The three high-symmetry directions [ 100], [ 110], and [ 111 ] in 
the first BZ of the FCC are denoted by: 
[100] direction: f-O--+X 
[I 11] direction: I'-A--+L 
[110] direction: r-E-ºK. 
12 
Points and axes in the reciprocal lattice space which transform to each other under 
symmetry operations are said to be equivalent. For example the eight hexagonal faces 
including the L points in the first BZ of the FCC lattice (Fig. 1.3) are equivalent and can 
be transformed into one another by 90° rotations. Therefore, it is necessary to calculate 
the energies of the electron at only one of the eight equivalent hexagonal faces containing 




1.2.4 Direct and Indirect Bandgaps 
If the locations of the maximum valence band energy and the minimum conduction 
band energy correspond in k-space the semiconductor is said to be a direct bandgap 
semiconductor, and if they do not correspond in k-space the semiconductor is indirect. It 
is clear from Fig. 1.4 that GaAs is a direct bandgap semiconductor and both Ge and Si are 
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Minimum energy transitions are vertical (in k-space) for a direct bandgap material 
whereas indirect bandgap materials undergo a non-vertical transition as sketched in 
Fig. 1.5. In other words in a direct bandgap material photon of energy equal to the energy 
difference between that of the valence band maximum and conduction band minimum 
can excite an electron from the top of the filled band directly to one of the states at the 
bottom of the conduction band. Any photon with energy larger than this value (Eg) can 
participate in a direct transition; the free electrons and holes so produced share the excess 
energy in such a manner that they have the same value of k. However, non-vertical 
transitions in an indirect bandgap material occur via an intermediate virtual state, 
whereby photon absorption is accompanied by either the creation or annihilation of a 
lattice vibrational phonon to achieve the momentum conservation. This model requires a 
minimum photon energy of Eg + Ep for an indirect transition which creates an electron- 
hole pair and a phonon of energy Ep and momentum h(kc - kr, ), a process which takes 
place at any temperature (k, and k, are the wavevectors of the conduction and valence 
band extrema locations, respectively). The alternative process, in which a phonon of 
momentum h(kc - k, ) and a photon are absorbed, can proceed from the lower threshold 
energy E. - Ep, but such a mechanism will be attenuated at low temperatures when the 








Figure 1.5 (a) Direct transition and (b) indirect transition in semiconductors 
1.2.5 Impurity States and Band-Tailing 
When an impurity atom is introduced in a lattice, if it replaces a host atom it is called a 
substitutional impurity, and if it occupies an interstitial state it is termed an interstitial 
impurity. Defects involving such impurity atoms are referred to as extrinsic defects. 
Most defects are electrically active. Defects which can contribute free electrons to the 
host crystal are donors, and those which can contribute holes (i. e. remove free electrons) 
are acceptors. Substitutional Group-V atoms such as Sb, P and As are examples of donors 
in Si, having one more valence electron than the Si atoms they replace. Examples of 
acceptors in Si are substitutional Group-III atoms such as B, In, and Al. When a 
substitutional impurity atom, however, has the same valence as the host atom it is called 
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an isoelectronic impurity. Isoelectronic impurities can behave as donors or acceptors or 
remain electrically inactive [8]. 
The extra electron of the donor is attracted most strongly to the positive charge of the 
impurity nucleus. However, this attractive potential is not equal to that of an isolated 
impurity nucleus since it will be screened by the remaining valence and core electrons of 
the impurity atom, and more importantly, by all the valence electrons of the neighboring 
host atoms. Therefore, the extra valence electron in the impurity atom is only loosely 
bound to the impurity atom. In the case of an acceptor, such as an In atom replacing a Si 
atom, there is a deficiency of the valence electron when the acceptor bonds with its four 
nearest-neighbor atoms. Instead of regarding an acceptor atom as short of a valence 
electron, it can be thought as having an `extra hole' which is loosely bound to its 
negatively charged nucleus [8]. 
The loosely bound donor electron can be ionised easily by thermal or electrical 
excitations: the ionisation energy from the ground state to the conduction band is usually 
less than 0.1 eV [9]. When the electron of the donor is in the conduction band, it is 
essentially free; thus its ground state (i. e. the donor level) is one ionisation energy below 
the conduction band. Likely, the acceptor level is one ionisation or binding energy above 
the valence band (Fig. 1.6). 
16 
N(E) 
Figure 1.6 Schematic Electron Energy Level density N(E) for semiconductor containing, both donor and 
acceptor impurities. The donor levels Ed and acceptor levels E are generally close to the conduction band 
and valence band, respectively. 
The electron wave functions at the impurity level begin to overlap when the impurity 
concentration is increased. As a result, the potential of each level changes slightly which 
leads to the formation of a band of states in the region of overlap. As the impurity 
concentration is increased further, the impurity band broadens and a tail of states is 
formed, extending the bands into the energy gap. 
Band-tailing occurs also due to the Coulombic attraction of the conduction electrons 
and repulsion of valence holes by the ionised donors (acceptors act conversely). Donors 
are inhomogeneously distributed in the host crystal. Depending on the local population of 
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the impurities, the (Coulombic) interaction will be more or less strong for higher and 
lower population densities, respectively (Fig. 1.7). It must be noted, however, that the 
local energy gap (i. e. the separation between the bottom of the conduction band (C. B. ) 






Figure 1.7 (a) Perturbation of the band edges by Coulomb interaction with inhomogeneously distributed 
impurities. (b) Tailing of the states into the energy gap, as a consequence of (a). Dashed lines denote the 
distribution of states in the unperturbed case [9]. 
1.2.6 Amorphous (Non-Crystalline) Semiconductors 
Semiconductors that do not possess long-range order or periodicity characteristic of a 




semiconductors can be glasses, rapidly quenched melts and layers evaporated onto cold 
substrates. 
There are close structural similarities between crystalline and amorphous 
semiconductors, particularly in respect of nearest neighbors, because the same chemical 
bonds and forces hold both types of solids together. Amorphous semiconductors have 
well-defined bond lengths, bond angles and nearest-neighbor coordination close to those 
found in crystalline semiconductors. However, there still remain many problems with the 
description of amorphous semiconductors. One of them is the absence of simplifications 
associated with periodicity. Another one, making the concept of amorphous state ill- 
defined, is that the transition from existing short-range order to `non-existent' long-range 
order can occur in a variety of ways. The range of local order existing depends, anyway, 
on the material and the condition of its formation. 
Therefore it is convenient to characterise the static structure of amorphous 
semiconductors by certain geometrical factors such as the angle between nearest- 
neighbor bonds or the bond lengths. These parameters are regarded as statistical 
variables. Due to the strength of the covalent bond, there is only a small (less than I %) 
variation in the bond length, while the bond angles can fluctuate by as much as 10° [10]. 
Thus, for example, in a material such as amorphous silicon (a-Si), the silicon atoms still 
sit at the centre of the tetrahedron, but this tetrahedron is not quite regular. 
The simplest defect in an amorphous semiconductor is a broken or unsatisfied bond (a 
dangling bond), resulting for example in a 3-fold coordinated atom for a covalently 
bonded amorphous semiconductor such as a-Ge, a-Si, etc. [Such a defect is not feasible in 
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a crystalline semiconductor like c-Ge; each atom is surrounded tedrahedrally by four 
other atoms so that a missing atom results in four dangling bonds and these may 
reconstruct]. Single dangling bonds are due to the randomness in the structure of the 
amorphous semiconductor. 
Amorphous semiconductors can also contain voids up to 10 nm in size which may be 
considered as an aggregate of a number of vacancies. Such voids are the major source of 
dangling bonds as their surfaces will contain them in abundance. 
An `ideal' amorphous semiconductor can be defined as a random network with no long 
range order but an excellent short range order. This requires the semiconductor contain 
no structural defects (such as voids) or dangling bonds. Examples nearest to this ideal are 
amorphous films of Ge and Si prepared by vacuum evaporation onto a cool substrate. For 
example, a-Ge with a density of 97 % of that for a Ge crystal can be deposited as a film. 
Such a film has a nearest-neighbor coordination of 4 just as the Ge crystal and very few 
voids. 
The intrinsic gap E; (as measured optically) is slightly smaller for an ideal amorphous 
Ge or Si film than in the corresponding crystal. Amorphous layers of greater disorder 
show a gap which is smaller or less distinct. The conventional density of states for a 
semiconductor crystal, the expected density of states for the same solid as an ideal 
amorphous semiconductor and as a much more disordered amorphous semiconductor are 
shown in Figure 1.8. In part (a), a few `pockets' of localised states within the intrinsic 
gap (Ec - E,, ) corresponding with impurities and native flaws which perturb the periodicity 
are shown. Conduction and valence bands are still denoted in part (b), although now a 
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continuum of density of states is shown extending downwards from E. and upwards from 
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Figure 1.8 Density of states versus energy for (a) a crystalline semiconductor, (b) the same semiconductor 
as an `ideal' amorphous semiconductor and (c) the same material as a much more disordered amorphous 
solid [11]. 
Band-tailing is inevitable even for a very high quality (or ideal) amorphous 
semiconductor film because it has a random network which tends to possess high strain 
energy and this must be reduced by creation of a number of defects in the structure. For 
the semiconductor in part (c), the strong disorder due to the imperfect short range order 
leads to substantial exponential tails of the densities of states for both conduction and 
valence bands which cover the whole forbidden gap. They are inevitably divided into 
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`donor-like' and ̀ acceptor-like' states which will be equal in number owing to the `self- 
compensating' effect of the disorder. These states also contain empty localised states 
which serve as `traps' for electrons and holes. Dangling bonds form states especially in 
the centre of the gap. Doping of such a semiconductor is unlikely to change the behaviour 
shown in part (c), because the valence requirements of the impurity atoms are met by 
changing the local coordination. 
1.3 LUMINESCENCE 
In section 1.2.4, we discussed the fundamental absorption of an electron, i. e. the 
transition of an excited-electron from the top of the valence band to the bottom of the 
conduction band, in both direct- and indirect-gap semiconductors. However, beside the 
band-to-band transitions, there are several others an electron can make, such as 
transitions between impurities and bands, between subbands, or as free carriers within a 
band. Absorption by an exciton is also possible when the excited electron forms a pair 
with a hole due to Coulomb attraction. Such an exciton will have energy states near the 
conduction band and a binding energy lower than either the donor or acceptor binding 
energies. The easiest way to measure the bandgap structure of a semiconductor is 
probably through a measurement of its absorption spectrum. In the absorption process, a 
photon of certain energy is removed from the incident beam on exciting an electron from 
a lower-energy state to a higher-energy state. The absorption process is therefore 
characteristic of the sample. 
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Luminescence is, on the other hand, an optical phenomenon that involves emission of 
characteristic radiation from the sample. For emission of radiation, initially the electrons 
and holes have to be excited by some external means. Luminescence can be excited in a 
variety of ways; for example, by injection of electrons and holes via an external current, 
known as electroluminescence, with electron beams (cathodoluminescence) or photons 
(photoluminescence), or by heating up the sample (thermoluminescence). Secondly, in 
most cases the excited electrons and holes thermalise among themselves (i. e. relax 
towards nearby potential minima) and reach quasi-thermal equilibrium in a time short 
compared to the time it takes electrons and holes to recombine. Finally, the thermalised 
electron-hole pairs recombine radiatively, producing spontaneous emission. The 
recombination energy, however, can also be released without the emission of photons; 
this is called non-radiative recombination. 
1.3.1 Radiative Transitions 
Fundamental transitions in a semiconductor are those occurring at or near the band 
edges, namely band-to-band (i. e. conduction band to valence band) or excitonic 
transitions. The occurrence probabilities of these transitions in a semiconductor are 
highly temperature dependent. The other main transitions involve impurities and so are 
dependent on the dopant level and temperature. As examples, transitions from a donor 
level to valence band or to an acceptor level and from conduction band to an acceptor 
level will also be summarised below. 
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1.3.1. a Conduction-Band-to-Valence-Band 
In a perfect semiconductor electron-hole pairs thermalise and accumulate at the 
conduction and valence band extrema. The free carriers can then recombine radiatively in 
a band-to-band transition. 
In a direct-bandgap semiconductor, momentum-conserving transitions connect states 
having the same k-values (Fig. 1.9. a). Accordingly, the emission has a low-energy 
threshold at by = Eg. As the excitation rate increases and/or as the temperature increases, 
states deeper in the conduction band become filled, permitting emission at higher photon 
energies. In the emission spectrum, therefore, the low-energy edge is abruptly cut-off at 
hu = Eg, while a temperature-dependent high-energy tail characterises the free-carrier 
recombination. Direct-bandgap semiconductors are strong emitters of bandgap radiation 
and so are important materials for lasers and light emitting diodes (LEDs). 
In an indirect-bandgap semiconductor, all the occupied upper states nominally connect 
to all the empty states. They are not efficient emitters: momentum conservation requires 
electron-hole pairs to recombine radiatively only by phonon-assisted transitions 
(Fig. 1.9. b), and hence the probability of these transitions is smaller than for competing 
non-radiative processes. Phonon emission is the most likely intermediate process. An 
optical transition assisted by phonon emission occurs at a lower photon energy than the 
bandgap energy, hvmin = Eg - Ep; whereas a higher energy of at least E. + EP is required 
for the phonon absorption. Emission with phonon absorption is not such a favourable 
process; the number of available phonons rapidly decreases at lower temperatures and a 







Figure 1.9 Band-to-band (a) direct and (b) indirect radiative transitions. 
1.3.1. b Excitonic 
In photoluminescence (PL) experiments on high purity and high quality semiconductors 
at very low temperatures, exciton states represent lowest-energy states for the photo- 
excited electron and hole pairs. On the other hand, at elevated temperatures such that 
kBT > E,, (kB = Boltzman constant; E,, = ionisation energy for the exciton) and when the 
semiconductor crystal is less pure or less perfect, the local fields tend to break up the 
exciton into free carriers, which then can recombine radiatively in a band-to-band 
transition. 
When excitons recombine a characteristic narrow spectral line is emitted. While in a 
direct-gap semiconductor the energy of the emitted photon simply equals to hu = Eg - EX 
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(Fig. 1.10. a), in an indirect-gap semiconductor, since momentum conservation requires a 






Figure 1.10 Exciton recombination in (a) direct- and (b) indirect-gap semiconductors [9]. 
Excitons can be either `free' or bound to impurity atoms. Often, both free and bound 
excitons occur simultaneously in the same material. Figure 1.11 gives the emission 
spectrum of excitons in Si. Lines at A, B, D, and E are due to free excitons, whereas line 
C is attributed to an excitonic complex consisting of a hole bound by two electrons to a 
phosphorus ion [12]. The main PL line at D, shifted by - 70 meV from the bandgap 
energy (1.17 eV), is produced by the emission of a transverse optical (TO)-phonon, the 
line at E is produced by the emission of a transverse acoustical (TA)-phonon, and the 
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lines at A and B are produced by the emission of two phonons. The no-phonon (NP) 
transition, which is hardly recognisable in Fig. 1.11, is at lower energy than the bandgap 
energy by - 11 meV, which corresponds to the binding energy of excitons in Si [ 13]. 
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Figure 1.11 PL spectrum for a Si crystal containing 2x 1014 phosphorus atoms per cm3, at low temperature 
(18 K) [12]. 
1.3.1. c Between an Impurity Level and a Band 
In a semiconductor, the transition of an electron from the conduction band to an 
acceptor state or a transition from a donor to the valence band can cause the emission of a 
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photon hu = Eg - E; for direct transitions and hu = Eg - E; - Ep if the transition is indirect 
(E; = ionisation energy of the impurity; Ep = the energy of the phonon involved). In order 
to observe such radiative transitions experimentally, the semiconductor should have a 
relatively low concentration of impurities, and also the temperatures must be low such 
that kBT « E;. When the impurity concentration is large enough to form an impurity 
band which merges with the nearest intrinsic band, it results in a very broad emission 
spectrum and the interpretation of the process become less certain. On the other hand, for 
the purer materials, the dominant process may be the exciton recombination, whose 
signature is its very narrow emission spectrum. 
1.3.1. d Donor to Acceptor 
A semiconductor is said to be compensated if it contains both donors and acceptors. 
Such a semiconductor can emit photons with energy by = Eg - EA - ED + e2/(c r) provided 
that the combination of the donor and acceptor ionisation energies (i. e. ED + EA) is not 
very small. The term e2/(c r) arises from the Coulomb interaction between the donor and 
acceptor that modifies their binding energies, where c is the dielectric constant of the 
material and r is the distance between the donor-acceptor pair. A transition between 
distant pairs is assisted by tunnelling processes and hence it is less probable than a 
transition between nearer pairs. Examples of donor-acceptor transitions are found in Gal? 
[14]. In Si, Ge, GaAs, and other semiconductors where ED + EA is small, theoretically 
only distant pairs can contribute to the emission spectrum since the Coulomb-interaction 
term drives the donor and acceptor levels beyond the intrinsic band edges for nearer 
pairs. Therefore, donor-acceptor transitions are extremely difficult to observe from these 
semiconductors. 
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1.3.2 Non-Radiative Recombination Processes 
In addition to the radiative recombination processes, the photo-excited pairs can also 
recombine non-radiatively. In fact, in many semiconductors the dominant process is the 
non-radiative recombination. States like defect levels inside the forbidden gap of a 
semiconductor are known as radiative recombination centres when they host electrons 
and holes which recombine radiatively; otherwise they are referred to as non-radiative 
traps or luminescence killers. Several radiationless transitions can occur in a 
semiconductor: for example, in the Auger effect, surface recombination, phonon 
emission, etc. 
In the Auger effect, the excited electron immediately transfers its energy to another 
electron before returning to its ground state without emitting a photon; the second 
electron dissipates this energy by emitting phonons. It is evident that any process 
dependent on carrier-carrier interaction should become more intense as the carrier 
concentration increases. 
A crystal lattice is strongly perturbed at the crystal surface, where many dangling bonds 
are produced. These dangling bonds can absorb impurities from the ambient which form 
a high concentration of shallow and deep levels in the forbidden gap, called surface 
states. Surface states may act as recombination centres. If a uniform distribution of states 
can be assumed for these levels, then the recombination of electron-hole pairs within a 
diffusion length from the surface will be readily non-radiative. 
Localised defects, such as metallic inclusions, impurity precipitates, and local strains, 
inside a semiconductor can also produce a continuum of states inside the energy gap. 
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Such a microscopic defect could induce a deformation potential barrier (of height Eac) 
around it. Then, only `hot' carriers with sufficient energy to overcome this barrier, i. e. 
kBTe > Eac, can recombine at this centre. For example, transitions involving either copper 
centres or defects in Ge have a thermal-activation energy Ear = 0.14 eV [9]. 
Therefore, luminescence intensity from a semiconductor quenches by increasing the 
temperature as this will increase the non-radiative transitions. 
Large luminescence efficiency is obtained when the non-radiative recombination rate is 
smaller than the radiative recombination rate. The efficiency is defined by 
tnonrad 
Tnonrad + trad (1.2) 
where µ is the quantum efficiency, 'nomad is the non-radiative lifetime and rd is the 
radiative lifetime. 
1.4 SILICON AND GERMANIUM LIGHT EMISSION 
In direct-gap semiconductors such as GaAs the electrons and the holes are located at 
the same point in the BZ. Thus these semiconductors emit photons having energy equal 
to the bandgap energy and a momentum that is negligible. Under these conditions, the 
radiative recombination rate is large and the radiative lifetime is short, typically of the 
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order of a few nanoseconds. The efficiency of direct gap III-V semiconductor compounds 
such as GaAs exceeds 1% at room temperature and 10 % at cryogenic temperatures. 
In Si and Ge, holes and electrons are found at different locations in the BZ as they are 
indirect-gap semiconductors. Therefore, recombination by emission of a single photon is 
(generally) not possible. Photon emission is possible only if another particle, such as a 
phonon, capable of carrying a large momentum is involved. Participation of a third 
particle in addition to the electron and the hole makes the rate of the radiative transition 
process substantially lower and the radiative lifetime is typically in the millisecond 
regime. Therefore, as it follows from Eq. 1.2, the efficiency drops by several orders of 
magnitude compared to the efficiency of direct gap semiconductors. At room temperature 
the efficiency of c-Si is usually of the order of 104-10-5 % [15], which makes it 
unattractive for light emitting devices. 
It is unfortunate that two different semiconductors are at the heart of the two basic 
devices: Si for transistors and GaAs (or other III-V semiconductors) for lasers. A goal for 
electronics technologies is creation of both types of devices using the same material, and 
in particular Si [16]. 
Driven by this reason, there has been much research to improve the luminescence 
efficiency of Si, and Si-based alloys, with the strategy of increasing radiative rate or 
decreasing the non-radiative rate. These initially included the use of Si-Ge superlattices 
or alloys [ 16] and isoelectronic impurities [ 17]. 
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1.4.1 Silicon-Germanium Alloys and Superlattices 
It was predicted that BZ folding in atomic layer superlattices could result in a direct 
bandgap structure. For example, it was theoretically shown for Si that the minimum in the 
conduction band can be folded back into the BZ centre and this would increase the 
transition probability [18]. It would however still be several orders of magnitude below 
that of GaAs. Furthermore, at low temperature no-phonon contribution luminescence 
bands were obtained from Si,,, Ge superlattices (m and n are the number of monolayers of 
Si and Ge) at infrared region of the electromagnetic spectrum, however the 
photoluminescence and the electroluminescence are essentially quenched at room 
temperature [19]. 
Alloying of Ge or C with Si allows `engineering' of the electronic band structure, 
where the energy gap can be varied with alloy composition and strain [20]. It is expected 
that the energy gap of the alloy will assume a value intermediate between the gaps of the 
two pure semiconductors and vary in proportion to the composition. Si and Ge form a 
solid solution, Sil_,, Gex, and they are continuously miscible over the whole compositional 
range 0<x<1 [21]. Figure 1.12 shows the variation of the energy gap of the Si-Ge alloys 
with the composition. With increasing Si concentration, the <111> valleys of Ge move to 
higher energies faster than the <100> valleys (see Fig. 1.4 for reference). The two sets of 
valleys have the same potential energy when (1-x) is - 0.15. Thus, as the composition is 
further changed in favour of Si, the bandgap enlargement slows down since the 
movement of the <100> valleys will start determining it. It is also noteworthy that the 
energy gap of the alloy does not vary with linearly with composition. This non-linearity 
may be explained with band-tailing due to the random perturbation of the lattice by the 
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Figure 1.12 Composition dependence of energy gap in Si-Ge alloys at room temperature [21]. 
Photoluminescence and electroluminescence have been observed from Sil_,, Ge,, alloys 
with increased intensity compared with Si. However, the light emitting devices made 
from these materials also suffer from low efficiency at room temperature [22]. 
1.4.2 Enhanced Light Emission from Nanostructured Silicon 
The search for an efficient light emitting form of Si has been renewed with the 
observation of efficient, visible and room temperature luminescence from porous Si (PS) 
[23]. This observation opened a new information era. Since then several other forms of Si 
have been studied, such as nanocrystals, superlattices, impurity centres in Si, etc. [16]. In 
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the next chapter, we will deal with Si (and Ge) nanostructures, with more emphasis on 
PS. 
1.5 LIGHT SCATTERING 
When the light is travelling through a medium, as well as a part of it being absorbed or 
reflected, a very small fraction of it is scattered, in all directions, by the inhomogeneities 
inside the medium. These inhomogeneities can be either static or dynamic. Defects such 
as dislocations in a crystal are examples of static scatterers which scatter the light 
elastically (Rayleigh scattering). In Rayleigh scattering, the scattered light is strong and 
has the same frequency as the incident beam (u; ). Fluctuations in the density of the 
medium that are associated with the atomic vibrations are examples of dynamic scatterers 
which scatter the light inelastically (Raman scattering or Brillouin scattering). In 
semiconductors, there are sets of oscillators with which phonons can interact, namely the 
optical and acoustical modes of lattice vibration. The interaction of light with optical 
phonons is known as Raman scattering, while the interaction with the acoustical phonons 
results in Brillouin scattering. 
1.5.1 Raman Scattering 
In Raman scattering (RS) spectroscopy, scattered light is observed as a result of 
irradiating the sample by UV-visible light. Momentum and energy are conserved in the 
scattering process. The scattered light is very weak (- 10"5 of the incident beam [23]) and 
has frequencies either vi + vph (anti-Stokes lines) or u; - Uph (Stokes lines). In the Stokes- 
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shifted scattering the incident photon excites a phonon; hence the energy of the photon 
re-emitted by the semiconductor is reduced. In contrast, in the anti-Stokes-shifted 
scattering, a more energetic phonon is emitted since it absorbs a phonon from the 
semiconductor which was already in an excited state. Therefore, in Raman spectroscopy 
the phonon frequency uph is measured as a shift from the incident beam frequency v;, 
which is referred to as the Raman shift. Stokes lines are stronger than the anti-Stokes 
lines under normal conditions, yet both give the same information. Thus, it is customary 
to measure only the Stokes side of the spectrum. Today RS has become one of the 
standard spectroscopic tools in the study of the semiconductors. 
1.5.2 The Raman Selection Rule in Bulk Semiconductors 
In the RS of bulk crystalline semiconductors a selection rule is imposed by momentum 
conservation. As the interaction involves two photons and one phonon, the momentum of 
the phonon is restricted to small values, extending to at most twice the momentum of a 
photon (hki). Suppose that a visible laser with 2=500 nm is used to excite RS in a 
semiconductor. The maximum wavevector transfer then will be 
2xki=41r 1A-- 2x 105 cm-, 
which is approximately 1/103 of the size of the BZ (27r1a 108 cm'', a being the lattice 
spacing and of the order of 0.5 nm). Thus, the one-phonon RS probes only phonons near 
the BZ-centre (i. e. around k= 0). This yields the so-called k=0 selection rule. In 
disordered systems such as amorphous and nanocrystalline semiconductors this selection 
rule is not so rigorous. We will see these examples later. Figure 1.13 gives the one- 
phonon Raman spectrum of c-Ge at room temperature. The main peak at 300 cm-1 
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corresponds to the zone-centre optical phonons (TO and LO modes are degenerate at the 
zone-centre for crystals having the diamond structure). The other peak at -' 580 cm's with 
small amplitude is due to the second-order Raman scattering, where two phonons are 
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Figure 1.13 Raman spectrum of Ge crystal at room temperature (X = 514.5 nm). 
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CHAPTER 2. SILICON AND GERMANIUM 
NANOSTRUCTURES 
In today's age of tailor-made materials, more complex structures having unique 
physical properties are produced. Nanometer-sized crystalline semiconductors, often 
called nanocrystals, are notable examples of such structures. Nanocrystals are 
intermediate materials between the limits of small molecules and bulk crystals. 
Interest in nanostructures of Si or Ge stems from the effects of confinement on carrier 
wavefunctions. It is predicted that these effects become observable when the nanoparticle 
diameter is less than the size of the free exciton (electron-hole pair) Bohr radius (4.9 nm 
in bulk c-Si) [1]. Quantum confinement (QC) of carriers within the nanocrystallite is 
expected firstly to increase the electron-hole wavefunction overlap, resulting in partial 
breaking of the optical selection rules and allowing increased light emission efficiency, 
and secondly to shift the radiative emission peak to higher energies. Indeed, absorption 
measurements on porous Si (PS) showed the enlargement of the PS bandgap due to QC 
[2], and this was correlated with presence of quantum wires of diameters smaller than 
5 nm. In addition to the QC effect, spatial localisation of excitons in Si nanocrystals, 
which prevents them from reaching luminescence killing centres, is also used to explain 
the efficient light emission from Si nanocrystals. 
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The discovery of room temperature visible luminescence from Si nanocrystals opens 
new possibilities for the use of Group IV indirect-gap semiconductors as materials for 
optoelectronic applications such as LEDs and display devices. Among the several forms 
of Si (or other semiconductor) nanostructures, PS is the most studied material to date. 
Porous Si has the highest external quantum efficiency (EQE) with an order of 
magnitude higher than that of the other Si-based materials; nevertheless, this value is still 
an order of magnitude lower than that of typical III-V-based LEDs [3]. Visible 
luminescence from Ge nanocrystals is much less well studied and was first observed in 
samples prepared by the co-sputtering method [4][5]. 
In the following sections of this chapter, we will present the most recent understanding 
of PS and Si and Ge nanoparticles fabricated by other methods. 
2.1 POROUS SILICON 
It was not until 1990 that it was found that PS can emit strong visible and tuneable PL 
at room temperature [6], although PS was discovered back in 1956 by Uhlir while 
performing experiments on electropolishing of Si using an HF acid-containing electrolyte 
[7]. Fundamental differences between this material and its corresponding bulk crystalline 
form promise a wide range of properties. For example, PS has shown that Si in a 
nanocrystalline form has long-term potential as an optical, optoelectronic and biomedical 
material [8]. Yet its properties are very `structure-specific' since they are a sensitive 
function of many parameters like porosity, size distribution, degree of oxidation, etc. 
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2.1.1 Fabrication and Processing 
Porous silicon is usually formed by electro-chemical etching (anodisation) or chemical 
etching (stain etching) of Si in HF solutions (we will discuss only the first one here). A 
schematic diagram of a type of anodisation cell widely used for producing PS is shown in 
Fig. 2.1. The Si wafer acts as the anode and the cathode is made of a HF-resistant and 
conductive material (e. g. platinum). The cell body is usually made of Teflon since it is a 
highly acid-resistant material. There are some other types of cell designs used, such as the 
double-tank cell, lateral anodisation cell, etc. [3]. In the De Montfort University-Silicon 
Laboratory, we mostly use lateral anodisation geometry, with a selection of lateral front 
panels with differently sized-apertures. 




f Aluminium plate (back contact) 
Figure 2.1 Cross-sectional view of a conventional single-tank cell [8]. 
During the anodisation reaction there is hydrogen evolution. In pure aqueous solutions 
bubbles can stick on the Si surface, reducing the amount of wetted surface, thus it is 
customary to add pure ethanol to the solution to increase the surface wettability. It is only 
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under anodic polarisation that Si dissolves. The dissolution is obtained controlling either 
the current or the potential. Generally, it is desirable to work with constant current (when 
producing a single porous layer), since this allows one to control porosity, thickness and 
reproducibility of the PS layer [3]. 
Porous silicon formation occurs only at low anodic overpotentials, which leads to the 
formation of a disordered web of pores, which propagates in depth. As a result, Si 
nanocrystals of some nanometer size are left in the inter-pore regions. At high anodic 
overpotentials the surface electropolishes and under cathodic polarisation, Si is stable, 
i. e. it does not dissolve, and so, in both these cases Si retains its smooth and planar 
morphology. 
After completing the formation of PS by anodisation, the next step is the drying of the 
PS layers. This is a critical process, especially for PS of high porosities, since as the 
electrolyte evaporates out of the pores, a systematic cracking of the porous layer occurs 
due to the large capillary stress associated with the liquid-vapor interface [9]. Various 
different methods have been developed to reduce the capillary stress, such as pentane 
drying, ethanol drying, nitrogen blow drying, freeze drying, slow evaporation rates and 
supercritical drying (see for example [10]). 
2.1.1. a The Theory of Porous Si Formation 
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Figure 2.2 Silicon dissolution scheme proposed by Lehmann and Gösele [2]. 
According to this widely accepted theory, the global semi-reactions during the pore 
formation can be written as 
Si + 6HF -+ H2SiF6 + H2 + 2H+ + 2e". (2.1) 
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During the pore formation one hydrogen molecule evolve for every Si atom dissolved 
and the final product for Si in HF is H2SiF6 or some of its ionised forms [2][3]. It is 
widely accepted that holes are required for pore formation. For the etching of n-type and 
high resistivity substrates, holes can be supplied by suitable light assistance during the 
process. Figure 2.2 shows that the Si hydride bonds passivate the Si surface unless a hole 
is available. Various spectroscopic techniques (e. g. infrared absorption spectroscopy) 
have suggested the presence of Si-H surface bonds during PS formation [11]. For 
example the infrared absorption spectrum for a fresh PS sample, as given in Fig. 2.3, can 
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Figure 2.3 Infrared absorption spectrum of a fresh PS sample. P-type, 1-7 Q cm resistivity Si (100) is 
anodised for 10 min. with a current density of 25 mA cm 2 in room light and at room temperature. 
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2.1.1. b Factors Determining The Material Properties 
Anodisation conditions determine most of the properties of PS, such as porosity, 
thickness, pore diameter, and microstructure. Porosity is usually described as the fraction 
of the `void' within the porous layer. It can be determined by gravimetric measurements 
using the following equation 
P(%) = 
MI -M2 (2.2) 
MI - m3 
where ml is the mass of the unetched wafer, m2 is the mass of the wafer after anodisation 
and m3 is the mass of the wafer after a rapid dissolution of the PS layer in a suitable 
solution, such as 3% KOH [3]. Using the measured values m1 and m2 only, it is also 
possible to determine theoretically the thickness of the PS layer according to the 
following equation 
d m, -M2 = 
PS 
where S is the etched surface area and p is the density of bulk Si [3]. 
(2.3) 
It follows from Fig. 2.4. a that porosity decreases with increasing HF concentration for a 
given current density (for both n- and p-type Si [8]) and that porosity increases with 
increasing current density for a given HF concentration (for p-type Si [8]). For heavily 
n-type (n) doped Si Fig. 2.4. b shows that the porosity goes through a minimum at a 
current density of around 20 mA cm"Z, but the porosity increases at both higher or smaller 
current densities. Finally, for a given HF concentration and current density, porosity 
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increases with etching time (especially in lightly doped Si [8]): the longer the etching 
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Figure 2.4 Porosity as a function of current density (a) for two different HF concentrations and lightly 
doped p-type substrate (-1 11 cm) with a porous layer thickness of 1 µm and (b) for a highly doped n-type 
substrate (0.018 Qcm) and HF concentration of 15 % (from [8]). 
2.1.2 Structure 
Beginning with the first proposals that PS constituted a nanostructure [2][6] there has 
been a continuous effort to establish the ̀ skeleton' size within the material. Since then the 
determination of phase, shape, dimensionality and size of the nanoparticles has become a 
central issue due to the basic requirement to understand to what extent the QC effects 









nanostructured materials. This is, however, not a simple task in PS, since it is a highly 
interconnected material with complex and varied morphology [9]. 
For direct imaging of structures smaller than 5 nm different microscopy techniques 
such as transmission electron microscopy (TEM), high-resolution scanning electron 
microscopy (HRSEM), atomic force microscopy (AFM), and scanning tunnelling 
microscopy (STM) have been used. To determine the average nanostructure size a variety 
of optical techniques such as Raman scattering, x-ray diffraction (XRD), small-angle 
x-ray spectroscopy (SAXS), extended X-ray absorption fine structure (EXAFS) have 
been employed to obtain quantitative data. A compilation of early reports are compared 
in Table I (from [9]). Clearly, there is a general agreement that visible luminescing PS 
has high concentrations of 1-4 nm objects. But, a considerable divergence of opinions 
also exists as to the precise size and shape that correspond to the specific wavelengths of 
emission; this is, for example, very apparent among those two EXAFS works ([17] and 
[18]) [9]. 
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Table I. Techniques applied to estimating skeleton size in luminescent porous Si (adapted from [9]). 
Characteristic Method of Spectral location and Dominant structural Reference 
technique used Extracting size wavelength of PL peak component responsible 
Imaging of 









Modelling of size 
dependent Sui, 
RAMAN Red (635 nm) 2.5-3.0 nm quantum dots 
vibrational 1992[141 
frequencies 
Modelling of size 
dependent 2.5 nm interconnected Vezin, 
SAXS PL spectrum not shown 
scattering nanocrystals 1992 [15] 
processes 
Modelling of size 
dependent 3-4 nm interconnected Le' XRD 
diffraction peak 
Yellow-red (590-775nm) 
nanocrystals 1993 [16] 
broadening 
Size estimation Near IR (830 nm) 5 nm quantum dots 





average Red (690 nm) 2.2 nm quantum wires Zhang, 
coordination Yellow (580 nm) 1.9 mit quantum wires 1996 [18] 
number for Si Green (520 nm) 1.3 nm quantum wires 
Porous Si samples are inhomogeneous in the sense that they have broad distributions of 
crystallite size and shape, surface roughness, and fluctuation of surface stoichometry 
[19]. In particular, vertical inhomogeneity in the porous layer, which is a consequence of 
the PS formation mechanism, plays an important role in determining the luminescence 
properties of PS. The top of the layer is in the etching solution longer than the rest of the 
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layer and the crystals are therefore expected to be smaller at the top of the layer. Indeed, 
this depth dependence of nanocrystal size has been demonstrated by microprobe Raman 
spectroscopy studies [20][21]; to exemplify, results of Mariotto et al. [21] are given in 
Fig. 2.5. It was also shown by these studies that both amorphous and (nano)crystalline Si 
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Figure 2.5 (a) Experimental micro-Raman spectra from the cleaved edge of 15 µm thick low-porosity 
(P=32 %) layer (488 nm-excitation at room temperature). (b) Experimental spectra (continuous lines) again 
for 1 and 2, with their lineshape fits (open circles). The fit considers the contribution from nanocrystalline 
Si (nc-Si), amorphous Si (a-Si) and underlying bulk Si (c-Si). The different contributions are shown as 






2.1.3 Bandgap and Photoluminescence 
Different propositions have been made to explain the PL emission from PS by various 
researchers, such as quantum confinement (QC) [22-24], surface states [25], defects in 
the oxide [26], specific chemical species [27][28], etc. Based on the similarities between 
vibrational properties (established with IR and Raman spectroscopies) and PL properties 
of PS and siloxane (Si6O3H6), Brandt et al. [27] proposed that the visible light emission 
from PS is not an intrinsic property of (nano)crystalline Si (QC effects) and that its origin 
is related to siloxane derivatives present in PS. Nevertheless, siloxanes were soon after 
ruled out as the luminescing species in PS, since samples which had been oxidised by 
rapid thermal annealing at and above 700 °C (and with `no detectable Si hydride bonds') 
proved to exhibit strong, red luminescence [29]. 
From the theoretical point of view the PL mechanism involves a complicated sequence 
of physical processes such as relaxation processes (thennalisation), excitonic interactions, 
impurity scattering, etc. [30] (see also section 3 in Ch. 1). Different computational 
techniques have been used to investigate the electronic properties of `confined' Si 
structures [31-34]. All the calculations performed on confined Si structures give a similar 
picture: the QC effect causes widening of the Si bandgap from the near-infrared (1.12 eV 
1100 nm) to-and-beyond the visible region. 
Therefore, it is widely accepted that the PL is pushed into the visible for crystallite 
sizes below 5 nm, following the bandgap opening, as a result of QC. On the other hand, it 
has been reported by several groups that when the crystallite size decreases to a few 
nanometers, the PL in air does not increase much beyond - 600 nm. This observation 
does not coincide with the QC theory; as can be seen from Fig. 2.6, observed PL energies 
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for PS (or Si nanocrystallites in an oxide) are consistently lower than the theoretical 
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Figure 2.6 Comparison of a compilation of experimental optical gaps of PS samples and Si nanocrystallites 
[17,36,37] obtained from PL energies (filled symbols and the symbols with error bars) and optical 
absorption (unfilled symbols) with calculated optical gap values - with (dashed line) and without (full line) 
excitonic correction [35]. 
As can be seen from Fig. 2.6, tunability of the PL from PS seems to be limited. Fresh 
PS samples, in fact, show a variety of colors in luminescence (e. g. [18]); however, after 
air exposure, PS usually shows orange / red luminescence. Wolkin et al. prepared a set of 
PS samples emitting blue, green, yellow, orange and red luminescence in only vacuum or 
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Ar or pure H environments (Fig. 2.7. a) [38]. When the samples were exposed to air or 
transferred to a pure 0 environment an immediate red-shift was observed for the blue and 
green emitting samples, that is for the high porosity samples (Fig. 2.7. b and c). They 
monitored the chemical coverage of these samples by infrared spectroscopy which 
showed a trend for the replacement of the surface hydrides (Si-H1.3 peaks at 2100 and 
664 cm-) with oxygen (Si-O-Si feature at 1070 cm") starting immediately after the air 
exposure (Fig. 2.7. d). They also noticed (Fig. 2.7. c and d) that the PL energy for the blue 
and green emitting samples stabilised, along with the surface chemical coverage (Si-O-Si 
and Si-O-H (850 cm-1) peaks did not change significantly), after 200 minutes of air 
exposure. However, no change in the PL energy of yellow, orange and red emitting 
samples was observed with air exposure (even after 24 hours) (Fig. 2.7. b). The authors 
concluded that the recombination mechanism in oxidised nanocrystallites of sizes <3 nm 
is different from that in hydrogen passivated nanocrystallites of the same size and 
suggested that the red-shift upon oxidation can be related to recombination involving a 
trapped electron or exciton in the Si=O bonds at nanocrystal surfaces [38]. 
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Figure 2.7 Room temperature PL from different porosity samples of (a) fresh PS (kept in Ar ambience) 
and (b) air-exposed PS (for 24 h). (c) The red-shift of the PL and (d) the evolution of the IR spectra for a 
blue-green emitting sample as a function of air-exposure time [38]. 
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These observations indicate that although the bandgap of Si nanocrystals widens by QC 
and PL energy increases with decreasing sizes, surface passivation also plays an 
important role in the PL mechanism, especially for very small sizes. In fact, calculations 
of Allan, Deleure and Lannoo [37] have shown that luminescence in Si nanocrystallites 
can be due to excitons trapped at the surface which is passivated by hydrogen or silicon 
oxide. 
Contrary to the observations above, thermal oxidation of the PS surface has been shown 
to produce `blue' PL [36] which becomes intense only after strong oxidation and has 
much faster decay than the typical red PL. Strong oxidation implies that a large fraction 
of the volume of Si nanocrystals has been transformed into Si02, thus the average size of 
any c-Si remnants can be as small as -1 nm [40]. For the origin of this blue PL, there are 
different models considered, such as band-to-band recombination in small c-Si core 
regions [41], emission from the oxide or due to surface states [40]. 
Actually, the theory suggests that for a size comparable to -I nm, the bandgap should 
approach 3 eV [42] and both phonon-assisted and pure (no-phonon) radiative transitions 
with high recombination rates and characteristic lifetimes in the nanosecond regime 
should dominate the emission spectra [43]. Therefore, the model of [41] seems to be 
consistent to explain the blue PL. However, this model lacks an explanation for the 
experiments which demonstrated quenching of the blue PL after exposing the oxidised PS 
to chemicals (for example, Fig. 2.8 shows the experiment of Rehm et al. [44]). The c-Si 
remnants are surrounded by a thick oxide layer, so the blue PL should be insensitive to 
the chemical environment. Therefore, the second model [40] which suggests that the blue 
PL in oxidised PS originate from the oxide surrounding the Si remnants or from the 
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Si-Si02 interface (or even from the species present at the surface of the oxide) gains some 
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Figure 2.8 PL quenching of thermally oxidised PS. Spectra taken (a) before, (b) immediately after and (c) 
one day after, the methanol-exposure. PL intensity recovers after most of the methanol has evaporated [44]. 
To conclude, as `partially' discussed above, it can be said that the experimental data 
reveal a complex situation probably characteristic of several radiative channels in PS, and 
that most probably the QC and surface states are the two of those channels. 
2.1.4 Electroluminescence 
Electroluminescence was observed in PS shortly after the observation of visible, room 
temperature PL in a solid-state device (a PS LED) [45]. A typical PS LED consists of a 
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transparent or a semitransparent contact (e. g. metal, indium-tin-oxide or conducting 
polymers) and a 1-10 µm thick PS layer on a c-Si substrate (n- or p-type) [45-47]. 
The stability (lifetime) and the power efficiency of most PS LEDs are relatively poor. 
The power efficiency of a LED is calculated from the ratio of the number of photons 
emitted in the hemisphere to the power (V x I) dissipated in the device. The best value 
achieved for the PS LED power efficiency until 1999 was below 0.1 % [48]. The reported 
stabilities for PS LEDs were as low as 10 min (for example [49]). Haneman and Yuan 
[50] explained the reason why the intensity of EL is much lower than the PL intensity as 
follows. In bulk Si, the non-radiative defects (including impurities) are easily accessed by 
carriers at considerable distances, due to high velocities and lifetimes. However, in 
nanostuctured materials like PS, each defect has the strongest effect only on the carriers 
in that nanoparticle and this factor is different for PL and EL. In PL, there is little or no 
driving force and no requirement for carriers to pass between nanocrystals, hence 
recombination can take place in the individual nanocrystals, being effected only from the 
defects present in that particle. However in EL, carriers have to pass through the material, 
i. e. pass from particle to particle, so that there is more likelihood of encountering defects, 
with an unknown loss of intensity. 
The cause of the low stability of PS LEDs is usually related to poor surface passivation 
provided by the Si-H bonds: Si-H bonds that passivate the Si nanocrystal surfaces are 
very fragile and can be easily broken by exposure to light, air, large electric fields and 
moderate temperatures [38][51][52]. For example, Loni et al. [53] showed that the 
efficiency of their PS LEDs degrades within minutes in air, but in hours in vacuum. 
Instead, for example, the fragile Si-H bonds can be intentionally replaced by stronger 
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Si-O bonds and this way the non-radiative defects can be kept to a minimum [54]. 
Indeed, this way it is found that simple semitransparent metal / partially oxidised PS / 
c-Si LEDs were stable for over 100 hours of continuous operation [54]. However, these 
devices were relatively inefficient with power efficiencies below 0.01 %. 
Recently (in 1999) a continuous wavelength power efficiency of 0.2 % has been 
obtained by Gelloz and Koshida [55] for a PS LED with a set of optimised preparation 
parameters. To our knowledge this value is still the highest for a PS based LED obtained 
to date. In their device, a superficial low porosity layer formed on the optically active 
porous layer is anodically oxidised (at 0 °C). The efficiency of this device is shown in 
Fig. 2.9, along with data for the same device without the superficial low porosity layer 
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Figure 2.9 EL intensity versus current density for a PS LED (formed at 0 °C from a n+-type c-Si substrate) 
(a) with and (b) without an anodically-oxidised superficial low porosity layer on the optically active porous 
layer. Arrows show the progress of the scan [55]. 
Obviously, it is not possible to mention here about all of the tremendous research 
activities into the physical and chemical characteristics of PS. Many more aspects can be 
found in any of the recent books and reviews devoted to this subject (e. g. [3][9][56]). 
2.2 SILICON AND GERMANIUM NANOCRYSTALS 
Semiconductor nanostructures can be produced by a variety of techniques. While some 
of these techniques are very-large-scale integration (VLSI)-compatible techniques some 
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are used (or just `invented') for the fundamental research of nanocrystals (mainly Si 
nanocrystals). We will present below a few of these techniques which have come into 
focus during this study. 
2.2.1 Ion Implantation and Sputtering 
Ion implantation and sputtering are both VLSI-compatible techniques. Nanocrystals of 
Si trapped in various matrices prepared by one of these techniques thus form an attractive 
system for device fabrication when compared to PS (anodisation of Si to produce PS is 
not VLSI-compatible). They also include the advantage of having increased surface 
stability and material rigidity in comparison to PS. 
2.2.1. a Si Nanocrystals in Si02 Matrices 
Ion implantation results in a Gaussian-like implantation profile similar to that given in 
Fig. 2.10. In order to form Si nanocrystals by ion implantation, high doses of Si ions (Si+) 
are generally implanted into a thermally grown Si02 film, and this is followed by a high- 
temperature anneal. The excess Si, introduced by ion implantation, forms small 
precipitates during annealing. Doses up to and around 1017 cm-2 and ion energies in the 
range of 25-200 keV are used to produce atomic concentrations of excess Si at a level of 
a few percent [57][58]. With this technique, it is possible to have independent control 
over the concentration and depth of the implanted impurity, and to control the size of the 
nanocrystals by adjusting the parameters of implantation (dose, temperature) and 
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Figure 2.10 TRIM implantation profile of 40 keV Si atoms in a 1000 A SiO2 layer on Si [58]. 
The main drawback of ion implantation is the requirement of implanting high doses of 
ions in order to produce excess impurity concentrations of several atomic percent. In 
most cases the implanted species are expected to form the light-emitting material itself. 
Another disadvantage of the technique is that it also produces radiation damage in the 
host matrice (in this case Si02). In this sense, sputtering is more favorable, although it is 
somewhat less controllable. 
In sputtering, Si nanoparticles in Si02 are usually obtained by RF magnetron co- 
sputtering of Si and Si02 in argon or oxygen plasmas at various deposition temperatures 
(up to a few hundred degrees Celsius) and annealing at high temperatures. To control the 
excess Si concentration, Si chips of the required areal density are positioned on the Si02 


















quartz or on a c-Si substrate and usually has a thickness ranging between several 
hundreds to a few thousand nanometers. Properties of the nanocrystals can be controlled 
by altering the sputtering conditions, e. g. substrate temperature, gas type and 
concentration, or the annealing conditions such as those cited above. 
2.2.1. a. 1 Photoluminescence 
As-implanted samples generally show a weak green or blue PL [58][60]. A stable PL 
can be produced after a high temperature anneal. Annealed samples are generally 
reported to exhibit a broad PL band peaked in the red [60][61]. Many groups have studied 
PL from Si+-implanted Si02 films in order to elucidate mechanism(s) of the observed PL. 
For example, Min et al. reported that there are in fact two detectable PL bands (at 
600 nm and - 800 nm) from their post-annealed Si+-implanted Si02 films [62]. They 
suggested that one of these bands was related to surface-defects, as it was present even in 
samples implanted with only Xe+, and the other can be correlated to the Si nanocrystals. 
The former band is located at around 600 nm and has a short lifetime (<100 ns), whereas 
the other has a lifetime of 630 µs. In Si+-implanted samples, only the first band 
disappears after a deuterium implantation (this is supposed to increase the level of surface 
passivation of nanocrystals). Ghislotti et al. demonstrated more clearly the differences 
between defect- and nanocrystal-related PL by using the time-gated PL spectra 
(Fig. 2.11) [63]. The top spectrum shows the PL band near 600 nm with a short 
decaytime of - 100 ns, which is less than that predicted for nanocrystals with sizes 
corresponding to these wavelengths [43]. In contrast, the nanocrystal related PL band at 
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Figure 2.11 Time-gated PL spectra of 2x 10'7 cm-2 fluence implant after annealing at 1000 °C in Ar gas 
atmosphere for 30 min. The inset refers to a nanosecond-resolved time-gated spectrum [63]. 
The red PL band is usually reported to be size independent from ion-implanted and 
post-annealed Si02 films (nanocrystalline Si / Si02). In order to explain size 
independence of the red PL, Kanemitsu et al. suggested a model that still involved the 
QC effect [64]. According to this famous model, absorption of photons leads to the 
generation of excitons which are confined in Si nanocrystals, whilst the emission of the 
photons takes place at the interface between Si nanocrystals and the Si02 matrix due to 
an oxygen-modified surface state on the nanocrystals [19][64]. This model is used by 
61 
others to explain successfully, for example, the independence of the PL energy on the 
excitation energy or the annealing time [57]. 
As-grown films of Si/Si02 composites prepared by co-sputtering usually show a green 
PL [65]. The difference of these films from the as-implanted films of Si+/SiO2 composites 
is that `nanoclusters' of Si at very small sizes (- 1 nm) are already present in the co- 
sputtered films; whereas for the ion-implanted films precipitates of Si (i. e. `nanocrystals') 
can only be formed after a high temperature anneal. Therefore, it is expected that the PL 
behaviour of the sputtered films should not change profoundly (except the intensity) after 
annealing at a high-temperature (that is when the small Si nanoclusters are grown into 
larger nanocrystals). However, after annealing anomalous PL behaviours are reported by 
some groups (e. g. see [65]); also the reported PL energies show quite big variations for 
the annealed films (from near UV to blue [66], green to yellow [65][67], red to near IR 
[59][68]). Besides, these PL energies are also reported to be size independent (except the 
near IR PL reported by Takeoka et al. [68]). 
2.2.1. a. 2 Electroluminescence 
Si nanocrystals produced by both sputtering or ion-implantation in Si02 matrices are 
stable and compatible with VLSI processing technology, however, electrical injection 
throughout an isolating oxide seems to be a major obstacle for EL applications [69]. 
Nevertheless, it is suggested that for high nanocrystal densities carriers may traverse the 
oxide by `hopping' on nanocrystals or by thermally-activated tunnelling [70]. In order to 
obtain efficient EL, in principle, two different approaches have been suggested [58]: 
a thick oxide and a high voltage, or an ultra-thin oxide and a low voltage. 
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Fig. 2.12 shows a schematic cross-section of a nanocrystal-based LED produced by 
Lalic and Linnros [611 with ion-implantation and using the latter method. For the 
preparation of this device, high doses of Si ions were implanted into a thin Si02 layer and 
nanocrystals were formed at 1100 T. A polycrystalline-Si layer was deposited, followed 
by metallisation using an Au contact on part of the emitter area. They observed stable and 
visible EL (1.9 eV-1.6 eV) at low voltages (<10 V) from this device, although it suffered 
from low EL intensity (more than an order of magnitude weaker than a PS LED at the 
same bias, prepared by the same authors [71]) and quantum efficiency. 
Au contact 3000 A 
N-type poly-Si layer 
2100 A+ 1600 A 
SiOx layer 120 - 1000 Ä 
P-type Si substrate 
.. _,., ", 
Figure 2.12 Schematic diagram of a nanocrystal I. F. D structure [611. 
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2.2.1. b Ge Nanocrystals in Si02 Matrices 
Germanium nanocrystals have been prepared by many different methods, including 
co-sputtering [4,5][72,73] and ion implantation [74-76]. Although not as successful as 
these techniques in terms of producing Ge nanocrystals, porosification of c-Ge by 
anodisation or stain-etching, in a similar manner to PS preparation, has also been tried by 
several groups [77-80] to prepare light-emitting nanocrystals of Ge. 
Both RF magnetron co-sputtering of Ge and Si02 [4,5][72,73] and implantation of Ge 
ions into Si02 [74-761 followed by annealing at high temperatures have been found to be 
a convenient way to prepare Ge nanocrystals in Si02. X-ray photoelectron spectroscopy 
(XPS) data showed that Ge02, GeO and Ge exist in the as-deposited or as-implanted 
films and that most germanium oxides decompose into Ge nanocrystals after thermal 
annealing [73][75][81]. The crystallinity and the size of Ge nanocrystals were mainly 
studied by Raman spectroscopy [4,5][72][74] and high-resolution TEM [72][73][75]. As 
an example, Fig. 2.13 shows a sharp TEM picture for a Ge nanocrystal of size - 15 nm 
[73]. XPS and FTIR spectroscopy indicated that amorphous Ge02 and GeO were formed 
at the surface of Ge nanocrystals [19]. 
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Figure 2.13 High resolution-TEM image of a high-quality Ge nanocrystal with size Is nm 173,1. (For other 
TEM images of Ge crystal sizes smaller than 5 mit see Fig. 9 of Maeda (1995) 173]). 
2.2.1. b. 1 Photoluminescence 
Table 11 provides a summary of the PL studies from Ge (and GeO2) nanocrystals in the 
literature. In most cases nanocrystals were prepared as embedded in a SiO, matrix. 
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Table II. Summary of a selection of papers published on PL from Ge (and GeO2ý) nanocrystals (Abbreviations: NC: 
nanocrystal; PLE: Photoluminescence excitation; T: temperature; abs.: absorption; RTA: Rapid thermal annealing; 
rec.: recombination). 
Estimated PLE / PL Preparation NC size of 
PL PL energy abs. decaytime Attributed origin(s) Ref. 
method (nm) (eV / nm) (ev) energy (ns) for PL (W) 
4-14 2.54/488 2.2-2.3 Direct-gap recombination 151 in NCs <54 mn 
2.1-2.3 (main) 
RIF magnetron co- 2-6 
2.54 and 
1 6-1 8 (weaker) - I 
QC is likely, but can't [73] i d . . l i f t PL d sputter ng an 3.1 (only as- exp a n as ecay high T annealing 
G NC i Si0 
3.81/325 deposited) ( e s n 2) 2.35 & Direct-gap properties & 2.25 (broad) or onset of excitons at NC surface 3.7 2.54 2.3,2.2 and 2.0 abs starts 
I 
couples to GeO,, 
[81] 
(deconvoluted) 
at 2.4 stretching vibrations 
RIF magnetron co- 
sputtering and 2-8 2.54 2.2-2.3 QC of excitons in NCs [82] RTA 
(Ge NCs in Si02) 
DC magnetron 3.1 (main), 34 
sputtering and 1.5-25 3.81 2.2 (weak) and (given Ge/O related defect either '83], high T annealing or * - 
1.8 (weak) for only 
I on NC surfaces or in the 84] (Ge or Ge02 NCs 25 (Ge02) Ge NCs) matrice 
in a-SiOj 2.81/441 2.2 
DC magnetron 3.81 3.0 
sputtering and Defects at the surface of high T annealing <4 - NCs or in SiO,, matrice 
[85] 
(Ge NCs in 2.81 2.3 
Si,, Ge, O, ) 
2-7 1.8 << 100 ns Irradiation induced 
(2xI 016 Crrf2) 2.71 / 458 (also for as- (system defects in Si02 network 
[76] 
implanted) resolution) 
2.4 and 1.6 eV PL -rec. s on NC 
Ion implantation 4-6 2.1 and 1.6 
>4.2 
bands surfaces & 2.1 eV PL - 
and high T (IxIO 16 CM72) (also for as- (related to related to 
both NCs and 
annealing 4.99/248 implanted) direct gap - oxygen-deficient centers 
[74] 
(Ge NCs in SiO2) abs. L 
in SiO2 network 
no NCs 2.1 (main) and _ 5 Implantation induced- 
(IXIO15 Crrf2) 1.6 (weak) (sharp) defects in Si02 network 
5 
17 CM72) (I. 8xIO 2.54 
0.95 
(at 13 *K) - Direct gap rec. s in Ge NCs [86] 
Cluster-beam 2.8 (only photo- evaporation 4-40 3.96/313 oxidised - 
Defect centers in GeO,, [87] 
technique samples) 
Lithography (no size given) Direct bandgap 
(plasma dry planar quantum 151 2.41 4 1.7-1.9 luminescence due to [88] 
etchine) structure quantum size effects I 
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Although there are various PL energies (blue, yellowish-green, red, and near IR) 
reported to date from Ge nanocrystals in Si02 (Table II), one of the possible explanations 
used for the observed PL is QC [5][73,74][81,82][86,88]. The other explanations usually 
involve defects in the network of Si02 matrice [74,76][83-85] and/or at the surface of 
nanocrystals [74,81][83-85], or defect centers in GeOX [83,84,87]. There is no appreciable 
size dependence of PL in any of these data; however, depending on the excitation 
wavelength the PL energy shows variations. Usually the blue PL band (3.1 eV-2.8 eV) is 
observed when the PL is excited in the near UV, and when the excitation wavelength is 
longer than the blue wavelengths the other PL bands (i. e. 2.1-2.3 eV, 1.6-1.9 eV, and 
0.9 eV bands) are observed. Nevertheless, the most commonly reported PL band from Ge 
(and Ge02) nanocrystals is the broad yellowish-green band located between 2.1-2.3 eV 
[4,5,73,81-84,89-92]. 
Since the direct gap in Ge is close to the indirect gap (AE = 0.12 eV at 300 K), it is 
expected that Ge nanocrystals would exhibit a direct-gap semiconductor nature 
[5][74,81][86,88]. Besides, effects of the QC are expected to appear more profoundly in 
Ge nanocrystals than in Si nanocrystals since the exciton Bohr radius is larger in Ge 
(17.7 nm in bulk Ge versus 4.9 nm in bulk Si) [4][73]. Therefore, some groups suggested 
that the direct-transitions E0, El (0.88 and 2.25 eV, respectively, at 10 K [93]) and even 
E2 (4.5 eV [93]) in Ge should play an important role in the absorption and PL excitation 
processes in Ge nanocrystals [74][81]. Although the PL spectra are `size-insensitive' in 
terms of peak energy and typically have decaytimes -1 ns, these groups also use this 
presumption to explain the PL mechanism; they suggest that while the photon absorption 
generates excitons in the nanocrystals, radiative recombination takes place via the surface 
(defect) states caused by germanium oxides on the surface of Ge nanocrystals. 
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Nevertheless, Ye et al. also account for the defects in the Si02 network as the origin of 
the PL [74]. Indeed some defects in silicon and germanium oxides can act as 
recombination centers. For example, 1.8 eV and 1.9 eV PL bands attributed to the non- 
bridging oxygen hole centers (NBOHCs or dangling oxygen bonds) were reported in 
y (gama)-irradiated glassy Ge02 and Si02, respectively [94]; a self-trapped exciton 
related PL at - 2.2 eV was reported from c-Ge02 [95]; a PL band at -3 eV due to 
oxygen-deficiency related defects was reported from glassy Ge02 [96]. Additionally, at 
high energies for example, an excitation band at 4.3 eV associated with Ge E' (3O=Geo) 
defects was reported by Skuja et al. from Ge doped silica glass [97]. 
2.2.2 Spark-Processing 
Although it was later going to be established that the structure and optical properties of 
spark-processed Si (sp-Si) are quite different from those of PS [98], spark-processing of 
Si was initially introduced as a new (or rather a `novel') way of preparing PS [99]. 
Nevertheless, it is demonstrated that this technique is also capable of producing Si 
nanocrystals; but in sp-Si an amorphous silicon oxide (or possibly an amorphous silicon 
oxynitride) matrix surrounds the Si nanocrystals (see Fig. 2.14. a) [98]. In terms of the 
microstructure (Fig. 2.14. b and c), sp-Si is characterised by heavily indented and fine- 
structured columns, and sp-Si samples can be relatively thick films (typically between 
5 and 300 µm) depending on the sparking conditions such as spark intensity or frequency 
and total sparking time [98]. 
68 
ý, . . ̀. 
(a) 
(b) 
_ý ý: -ý 
_: ý> . ý. 







Figure 2.14 Micro-images of sp-Si (produced in flowing air): (a) high-resolution "I I: M image (some single 
crystalline nanoparticles are encircled); (b) SEM cross-sectional and (e) SEM plan views [98]. 
In order to produce typical visible-luminescing sp-Si samples a high Frequency (several 
klar), high voltage (several thousands volts) and low average current (several nmA) 
electric pulses are applied to a Si substrate (cathode) by a counterelectrode (anode), 
which is Usually a metal tip (e. g. tungsten wire) or a piece of' a Si water, from 
approximately I ni ii distance. The resulting product is a greyish-looking circular layer 
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(- 2 mm in diameter) which is surrounded by a light-brown halo (in plan view). The PL 
energy and intensity can be varied by preparation parameters such as the substrate 
temperature and the environment (air, nitrogen, oxygen, or C02, etc. ) in which the 
sparking is conducted [100]. 
The mechanism for the formation of nanocrystalline particles and microstructures 
similar to those in Fig. 2.14 is explained usually as follows. The high voltage used 
between the Si substrate and the counterelectrode tip causes ionisation of the surrounding 
gas. The gas ions (such as nitrogen or oxygen) accelerate towards the substrate surface, 
and as a result some areas of the Si undergo localised flash evaporation. During off-times 
of the applied voltage the Si vapor re-deposits on the free surface, and in the meantime 
the remaining Si substrate forms a native oxide (or a nitride or an oxynitride). This causes 
the formation of randomly-oriented nanocrystallites of Si (like those seen in Fig. 2.14. a) 
which are embedded into an amorphous matrix [98]. 
The intensity and energy of the sp-Si PL are extremely stable (e. g. against annealing, 
UV illumination, HF etching) [100] and the PL energy is completely tunable through all 
wavelengths from near UV to near IR (depending on the gas environment used during the 
spark-process) [100]. Figure 2.15 provides a comparison of a set of PL spectra for Si 
spark-processed in different environments (stagnant/flowing air, oxygen, nitrogen, and 
various ratios of oxygen and nitrogen). Although the origin(s) of these spectra are not 
satisfactorily explained so far, based on these spectra themselves and on the other 
findings on the optical properties (e. g. PL decaytime) of sp-Si [101], it is arguably 
suggested that some possibilities can be ruled out as the origin(s) of the different PL 
emissions. For example, it is suggested that the UV/blue and green PL bands for sp-Si 
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prepared in air cannot be related to radiative transitions in silicon oxides or silicon 
nitrides since these bands are absent in samples prepared in pure oxygen or nitrogen, 
respectively [100] (Fig. 2.15). 
V*vtlength [nm] 











(e) (d) (c) (b) (a) 
II tin liii -I- 
1.5 20 Z5 3.0 3.5 
EmrV [e\l 
Figure 2.15 Normalised PL spectra for sp-Si prepared in (a) flowing air or in a 1: 1 oxygen/nitrogen 
mixture, (b) pure oxygen and subjected to low pressure, (c) stagnant air or in nitrogen/oxygen atmospheres 
with volume ratios of >3: 1 or <1: 3, (d) pure oxygen, and (e) oxygen and annealed in oxygen at 850 °C 
[100]. 
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Further, in a comparative study of blue/violet emitting sp-Si (peak 410 nm) with bluish- 
green emitting dry-oxidised PS (peak around 460-480 nm) [1011 it is suggested that they 
derive their PL from somewhat different mechanisms, which was deduced from the 
differences in some optical properties. Among these are difference in emitted-color, a 
larger stability against UV laser illumination or HF etching of sp-Si, different decaytimes 
(nanoseconds for sp-Si versus microseconds for PS), and different IR vibrational spectra 
[101][102]. 
Finally, it has been demonstrated that `virtually' all semiconducting and semimetallic 
materials can be spark-processed to yield strong, visible and room temperature PL [103]. 
Among these materials sp-Ge is of particular importance in this study. We will discuss 
the visible PL from sp-Ge (also according to our data) later. 
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CHAPTER 3. MATERIAL PREPERATION AND 
CHARACTERISATION TECHNIQUES 
3.1 POROUS Sil_xGe, c 
3.1.1 Introduction 
Si I -,, 
Ge,, alloys have attracted much interest since the early 1970's due to their band-gaps 
being variable between those of bulk Si and Ge via so-called `band-structure engineering' 
[1][2]. After the observation of strong visible luminescence from porous Si (PS) [3], 
several groups attempted to prepare porous Sil-,, Ge,, with visible luminescence, either by 
anodisation [4,5] or stain etching [6,7]. Schoisswohl et aL reported that the spectral shape 
of PL emission from porous SiGe is not different from that of porous Si, except for being 
slightly red-shifted [5]. On the other hand, the porous SiGe (PSG) film PL lifetime was 
measured to be - 100 times faster than that of PS [8-10]. The latter observation makes 
PSG a more attractive material than PS for both fundamental research and industry. 
However none of the studies of Sil_,, Ge,, were on the microstructure of the samples, but 
instead only discussed the PL properties in comparison to those of PS, and generally in 
line with the quantum confinement (QC) effect (e. g. [3,4,9]). 
Recently Sil-, Ge,, nanocrystals have been successfully prepared in insulating matriccs of 
S i02 by Takeoka et aL, using RF co-sputtering and post-annealing techniques [I I ]. They 
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studied the size and nature of the nanocrystals from high-resolution TEM micrographs 
and the corresponding electron diffraction patterns, and estimated their compositions 
using Rutherford backscattering spectroscopy (RBS). RBS results on the composition 
were supported with Raman scattering experiments. PL emission from Sil-,, Ge,, samples 
containing nanocrystals as small as 4 nm was observed in the near infrared, between 
1.2-1.4 eV, very different from the visible luminescence observable from PSG [4-9]. 
Furthermore, the PL lifetime was several microseconds, in contrast to published PL 
lifetimes for PSG [8,9]. 
In this study, we investigated the microstructure of porous Sil-,, Ge,, samples prepared by 
anodisation. Using Raman spectra we have determined both compositional variations with 
respect to those of the starting alloys and the size of SiGe nanocrystals, as a function of 
etching time. This has given insight into the mechanism of etching of Sil-,, Ge,, alloys and 
to the resulting porous structure, both of which are likely to be crucial in determining the 
optical properties of the porous Sil_,, Ge,, material. 
3.1.2 Growth of Initial SiGe layers 
Starting Sij-,, Gc. materials were prepared with molecular beam epitaxy (MBE) using a 
VG Semicon V90S system in the Department of Physics of the University of Warwick. 
MBE is one of the standard methods used for the epitaxial growth of semiconductors. It 
is essentially a thennally controlled evaporation process taking place in an ultra-high 
vacuum (down to a pressure about IWO torr [12]) apparatus. MBE occurs by molecular 
flow where elements or compounds of the to-be-grown semiconductor(s) are heated in 
crucibles to generate 'neutral' atomic or molecular beams which are directed on to a 
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heated substrate. The particles in the molecular flow do not interact with each other 
physically or chemically before their arrival at the substrate on which they will be grown. 
The slow growth rate (about one atomic layer per second) of MBE allows sufficient 
control over the type and amount of material deposited and changing composition across 
an atomic layer. 
Substrates used in this study consisted of a fully-relaxed, undoped, I ýtrn-thick 
SiO. 87Geo. 13 alloy layer (top layer) on a 0.2 gm-thick, uncloped Si buffer layer, both grown 
at 550 T, on an n+-type Si wafer. Thickness and Ge content (x) of the alloy were 
determined from X-ray diff-raction rocking curves (giving composition x accurate to 
± 0.0 1 (= I%)) following the production of the layers [ 13]. 
3.1.3 Anodisation 
Anodisation of the wafers was performed using a mixture of 48 % HF and absolute 
ethanol in 1: 1 volume ratio (resulting in a final HF concentration of 25 %) in a lateral 
2 
etching cell. The etch area was 0.5 cm . While the current density was 
fixed to 
22 mA CM-2 for all the porous SiGe samples, the etching time was varied between 
2-20 minutes in order to produce a set of samples with different porosities. To enhance the 
etching of 'undoped' samples a 250 W tungsten lamp was held - 20 cm above the etching 
cell [14]. 
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3.1.4 Characterisation of the Films 
3.1.4. a Micro-Raman 
A Renishaw RM series microRarnan spectrometer (Fig. 3.1) operating with a 514.5 rim 
Ar' laser was used for the investigation of the structure of the porous films. The bealn 
diameter was focused to I ýtrn on the sample surface and scattered light was collected ,,, Itli 
a CCD camera on the head of the microscope. The laser power was I rnW on the sample 
for all measurements. The resolution of this system was I cm-1. Micro-optical iniages of' 
the sample surface enabled positioning of the laser spot on the desired area of the sample. 
Figure 3.1 An image of the Renishaw RM saics mici oRaman specti-Onictei used in this studý. 
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3.1.4. a. 1 Raman Modelling 
The theory of the confinement of phonons in small semiconductor nanocrystals 
suggests that for less than a critical crystal size the Raman lineshape should show some 
definite modifications, such as peak-frequency shifting, peak-broadening, and increasing 
peak asymmetry, from that of its bulk spectrum. The reason for these alterations is the 
partial breakdown of the q=0 selection rule due to the spatial confinement of the 
phonons in a finite volume [15][16]. A phonon can no longer be described by a plane 
wave, as it is for the bulk crystal, but instead by a wave packet spatially confined inside 
the nanocrystal. A finite particle L size would bring about an uncertainty in wavevector 
on the order of ±2z/L, which will be larger for smaller crystal sizes. In an infinite (bulk) 
crystal, uncertainty is 0, and as only the phonons near the zone centre can contribute to 
the first-order Raman spectrum, the Raman peak will be rather sharp. If the phonon 
dispersion curves are not flat near q=0, then, for nanocrystals, the spectral features will 
shift, broaden, and become asymmetric by the phonon confinement. 
In order to explain the size dependant spectral changes observed in the PSG Raman 
spectra in this study we calculated the Raman lineshape using the following integral 





[co- co(9)y + (r2 )Z 
where C(O, q) is a Fourier transform of a phonon confinement function; q is expressed in 
units of 27r/ai; co(q) is the phonon dispersion curve; and 170 is the natural (bulk) linewidth. 
The integral is taken over the entire Brillouin zone. With IC(O, q)12 tý exp[-q 2L2 /4] [171, 
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IFO = 4.9 cm-1 and aj = 0.548 run for Si, the calculated peak frequency and linewidth as a 
function of crystallite size are plotted in Fig. 3.2. As seen from both curves, the critical 
diameter is about 20 nm at which the above-mentioned changes become observable for 
Si. Theoretically either of the relations given in Fig. 3.2. a or Fig. 3.2. b can be used to 
estimate the crystallite size. However, usually this is not the case, since the peak 
frequency shift does not only result from phonon confinement. Therefore, care must be 
taken in interpreting the Raman spectral changes. The calculated and measured Raman 
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Fig. 3.2 The calculated (a) linewidth (FWHM) and (b) peak frequency as a function of Si crystal size (d.,, ). 
Corresponding bulk Si values are indicated. 
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3.1.4. b High-Resolution SEM 
Scanning electron microscopy (SEM) is performed by scanning a focussed probe across 
the surface of the sample to be studied. The interaction of the primary electron beam with 
the surface is accompanied by the formation of a flux of secondary, back-scattered 
electrons. Secondary electrons emitted from the vicinity of the impact area of the primary 
electron beam are typically detected by a photomultiplier system in order to produce 
images. The more electrons a particular region emits, the brighter the image at that point. 
We obtained micro-images of the samples using a LEO 1530VP high-resolution field 
emission gun scanning electron microscope (also known as FEGSEM) in order to check 
whether a nanoporous structure has really formed from such high resistivity layers. The 
resolution of the HR-SEM system used was I nm at 20 keV accelerating voltage (and 
2.1 nm at 1 keV). 
Figure 3.3 shows the thickness of the initial SiGe layer as I ýun. This result is in good 
agreement with that determined from the x-ray analysis [13]. Micro-images of the PSG 
samples will be given and discussed later. 
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Figure 3.3 An SEM iniage of flic starting, M131"-SiO97Ge,, l-, epilaver on Si. The insct niarker shows 
1.025 jim for the thickness ofthe epilayer. 
3.1.4. c P1. 
For PL measurcments on PSG samples 120 mW I lc-Cd 442 nni cw excitation \\ as used 




3.2 STAIN ETCHED Ge 
3.2.1 Introduction 
The observation of bright, room-temperature, visible PL from PS by Canharn [3] has 
been the catalyst for much of the recent interest in luminescent group IV nanostructures. 
Though much of this initial interest was aimed at visible luminescent nanostructured Si 
more recently there has been increasing interest in Ge nanostructures. For these latter 
studies co-sputtering has been the most common method to prepare Ge (and Ge02) 
nanocrystals in a Si02 matrix, due to its convenience [18-22]. Several groups have also 
tried to prepare porous germanium containing visible luminescing Ge nanocrystals 
similar to PS, either by anodisation [23-26] or stain-etching methods [26]. It is interesting 
that chemically prepared samples, and samples prepared by other techniques where there 
are Ge atoms in contact with 0 atoms, are reported to show PL in the 2.1-2.3 eV range of 
the spectrum [19-22][27-32]. Towards determination of the origin of the 2.1-2.3 eV PL, 
we prepared chemically-etched Ge by both anodisation and stain etching methods. 
Anodisation with HF solutions did not yield visible PL chemically-etched Ge samples 
(see the following section), however visible PL (2.3 eV peak energy) was observed from 
stain-etched Ge samples. In this study, we will present the results from the study of PL 
from 2 types of stain-etched Ge (SG): Type I-SG prepared following the method of [26]; 
Type II-SG prepared using an HF based solution (HF: H3PO4: H202) with a new method 
[33]. The material displaying the greatest luminescence was prepared using a H202: HF 
solution (Type I-SG), though the obtained structure was found by Raman spectroscopy to 
be far from the nanocrystalline nature observed in PS. On the other hand, Type II-SG 
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proved to contain Ge nanocrystals at sizes 8-9 nm in diameter when annealed at a low- 
temperature in H environment, but yielded a weaker PL. 
3.2.1. a Anodised Ge 
We started our investigation to prepare luminescent porous Ge samples using HF 
solutions for the anodisation of Ge similar to those in [24-26]. The etchant mostly 
employed was the conventional HF: ethanol: water solution used to fabricate PS [34] at a 
1: 2: 1 volume ratio. Various different etching conditions (etching time, current density) 
have been tried on different resistivity (100) and (111) Ge substrates. 
We observed some weak visible Pl, emission (bluish-green to orange-red) with an UV 
laser excitation from a number of (porous) layers produced. An example spectrum is 
reproduced in Fig. 3.4. However, the light emission was discernible only from a few dot- 
like isolated emission centres on the porous layers (sizes of the centres were comparable 
to the tip of a needle). SEM analysis of these samples revealed a 'macroporous' structure 
(similar to that typically seen in PS prepared using lightly n-type doped Si) in most of the 
samples (Fig. 3.5. a). The SEM system (see sec. 3.2.3. d) also enabled us to characterise 
the samples using cathodoluminescence (CL) and energy-dispersive x-ray (EDX) 
analysis using the saine SEM configuration. In order to gain a deeper understanding 
about nature of the luminescent centres, we studied the surface of the photoluminescent 
samples extensively with cathodoluminescence (CL) and the chemistry of the 
luminescent centres by energy-dispersive x-ray (EDX) probing. The results were so 
surprising since we did not find any inclusion of Ge atoms in any of those luminescent 
species. Instead we found that these species were formations of the contaminant 
atoms/molecules adsorbed by the material surface, perhaps either from the electrolyte, 
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during anodisation, or from the atmosphere, after drying during storage of the samples. 
Among the atoms found were mainly F, Al, 0 (and, on one occasion, even Ga atoms). An 
example image of a cathodoluminescing centre formed by the contaminants on the 









Figure 3.4 A visible PL spectrum recorded from a luminescent centre (possibly due to contaminants) on an 
anodically-etched Ge layer 0= 450 mA CM72' t=7 min, and 15 min chernical etching in solution). 
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Figure 3.5 (a) An SEM image of an anodically-etched Ge showing the formation ofniacropores as NNell as 
an contaminant object adsorbed by the surface (near the centre). (b) Strong CI. emission from the surface 
involving the contaminant object. (internal scales denote 10 pin). 
On the other hand, reliable and reproducible reSLIltS were obtained from visible PL 
stain-etched Ge samples (see the introduction). Therellore, xve tenimiated OUr research 
with anodisation at this point. 
3.2.2 Stain-Etching 
Chemically-etched Ge samples were prepared by staiii-etching, ii-type Ge (I 11) wafers 
with resistivity 4.6 Q cm. Type I-SG was prepared in a SOlLltlOll of' HO,: HF at 
50: 1 volume ratio Linder 250 W tungstcri lamp Illumination. Type 11-SG \\as prepared in 
HF: HjP04: l+, 02 at 34: 17: 1 VOILime ratio Ilor 3 hours under room light. For Type 1. 
- 1.5 cm x 1.5 cm pieces of Ge wafer were treated for 5-10 nim in solution and dried in 
air. This was repeated several times (as described [26]) and reSLIIICLI in a white layer with 
sonic colorful patches on the surface. The white layer was mechanically unstable and was 
easily removed when scraped or the samples were washed in hot water, leadim, to Pl. 
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quenching. An unstable white layer has also been reported in anodically-etched [24] and 
stain-etched [26] Ge, as well as in oxidised a-Ge: H (hydrogenated amorphous Ge) 
prepared using plasma enhanced chemical vapor deposition (PECVD) [35]. 
Removal of the white layer with washing in water and the subsequent PL quenching 
has also been reported previously [26,35]. Chen et aL [35] argued that the white layer 
was oxidised Ge, as GeOx is soluble in water. Here we use XANES, Raman, FTIR and 
EDX to characterise the composition of the samples. 
3.2.2. a Annealing 
To remove strain and improve crystallinity, some samples of the second group (Type 
II-SG) were annealed either in an H atmosphere or in air at a relatively low temperature 
(600 *Q for a period of 30 min. 
3.2.3 Characterisation of the Films 
3.2.3. a X-ray absorption Near Edge Structure (XANES) 
X-ray absorption spectroscopy (XAS) is an atom-spccific structural probe, which can 
be a sensitive probe of the local coordination of atoms. In other words, the local structure 
of a given type of atom can be examined by this technique. For the studied element, the 
absorption edge (or the absorption threshold) energy E(, is the energy needed to excite a 
core level electron, usually from the K-edge, to the vacuum level. In the x-ray absorption 
spectrum, the absorption edge is characterised by a discontinuous increase in the x-ray 
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absorption coefficient at an energy E corresponding to the absorption threshold E, On 
the high energy side of the absorption edge region, the x-ray absorption coefficient 
exhibits small oscillations known as EXAFS (Extended X-ray Absorption Fine Structure) 
for energies - 100 eV beyond the edge and XANES (X-ray Absorption Near-Edge 
Structure) for energies closer to the edge. The post-edge fine structure of EXAFS or 
XANES arises not from direct absorption processes, but from what can be viewed as an 
internal diffraction phenomenon. When a photon of energy slightly higher than threshold 
is absorbed by an atom a photoelectron is ejected. The photoelectron wave propagates 
outwards to infinity if the absorbing atom is isolated. However, if some other atoms 
surround the absorbing atom, the outgoing photoelectron wave will be back-scattered 
(diffracted) and back-scattered waves will interfere with the outgoing waves. 
X-ray absorption spectroscopy (XAS) was used as an atom-specific structural probe to 
obtain information on the local coordination of atoms in the chemically-etched Ge layers. 
The near-edge structure (XANES) is the x-ray absorption up to - 50 eV above the 
particular absorption edge. Germanium K-edge Total Electron Yield XANES data (TEY- 
XANES) for Type I- and Type II-SG, and transmission-XANES data for crystalline Ge02 
powder, were collected on beamline 9.2 at CCLRC Daresbury Laboratory (DL), using a 
water-cooled, harmonic rejecting double-crystal Si (220) monochromator. A detailed 
description of station 9.2 is available on the DL website [36]. 
3.2.3. b Raman 
Raman measurements were carried out in back-scattering configuration either with a 
Renishaw RM series Raman microscope (shown in Fig. 3.1), using a 514.5 nm Af" laser 
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excitation source (for Type I-SG samples, c-Ge and commercial Ge02 crystalline 
powder), or a Jobin-Yvon (JY) UIOOO monochromator equipped with a 488 run Axý'Iaser 
excitation source (for Type II-SG samples). All of the Raman measurements were 
performed at room temperature. 
3.2.3. c PL 
For PL measurements on Type I-SG and Ge02,120 mW He-Cd 442 mn cw excitation 
was used with a single-grating SPEX 270M spectrograph and a Hamamatsu R2949 
photomultiplier (PMT) tube. PL of Type II-SG samples was taken with the Raman JY 
system. All of the PL measurements were performed at room temperature. 
3.2.3. d SEM 
SEM measurements were carried out on Type I-SG samples using a LEICA S430 
microscope with a 7.5 keV, 10 pA beam. 
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3.3 Ge NANOCRYSTALS INSiO2 
3.3.1 Introduction 
To date a number of approaches have been employed to synthesise Ge nanocrystals 
[19-22][27-32]. One of the techniques for nanocrystal fabrication involves ion- 
implantation followed by a thermal annealing at high temperatures. This technique is 
most promising because of the possibility to control the projectile depth profile of the 
implanted ions and the growth and size of the nanocrystals by simply altering one or 
more of the preparation parameters such as the ion dose, the kinetic energy of the ions, or 
the annealing temperature. It is considered that embedding semiconductor nanocrystals 
into a Si02 matrix is quite advantageous for device applications, due to the mechanical 
and chemical stability of the composite [37]. In addition, Si02 is a well-characterised 
material known to passivate semiconductor surfaces [38] and has widely been used in 
silicon devices and integrated circuits [39]. 
In this study we aimed to fabricate luminescent Ge nanocrystals in Si02 matrices by 
ion-implantation and post-annealing techniques. Samples prepared using different doses 
of Ge ions were characterised before and after annealing using techniques such as SIMS, 
TEM, PL, and Raman scattering. Preliminary results obtained so far in this investigation 
will be summarised in this thesis. 
3.3.2 Oxide Growth 
There are several methods available to grow silicon dioxide such as thermal oxidation, 
electrolysis, vacuum deposition and plasma oxidation [40]. The basic process involves 
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sharing of valence electrons between oxygen and silicon, in other words the Si-O bond is 
covalent. By thermal oxidation, one can produce reproducible and chemically stable films 
Of Si02 directly on a Si substrate. The growth is carried out in a reactor typically at 
temperatures between 900-1200 T. The chemical reactions describing the thermal 
oxidation of Si in oxygen (dry oxidation) or water steam (wet oxidation) are given [40] as 
Si (solid) + 02 4 Si02 (solid) (dry oxide) (3.2) 
Si (solid) + 2H20 4 Si02 (solid) + 2H2 (wet oxide). (3.3) 
In thermal oxidation, oxidation proceeds by the diffusion of the oxidising species 
through the oxide to the Si-Si02 interface, where the oxidation reaction occurs [40]. 
Thus, during the reaction, as the volume of the oxide expands, the Si-Si02 interface 
moves into the Si. The oxide growth with H20 is much more rapid (- 10 times) than with 
dry oxygen, due to the higher solubility and diffusion rate of H20 in Si02. Although there 
are growth rate and associated thickness problems with dry oxidation, the quality of the 
oxide produced is better (for example, it provides a structure which is less porous to 
impurities). 
The Si02 films used in this study for the implantation of Ge ions were grown with 
either dry or wet oxidation of Si. 100 nm thick films were grown using the first method 




Ion-implantation has long been used conventionally for doping semiconductors as an 
alternative technique to diffusion methods [12]. In ion-implantation, the semiconductor is 
bombarded with high-speed positively charged ions. The depth of the implanted ion 
depends strongly on its energy. Most ion-implantation sources operate in the energy 
region 30-200 keV (or in the 0.2-2.5 MeV high-energy range) [ 12]. 
A schematic diagram of a typical ion implanter is shown in Fig. 3.6. Ions from the ion 
source are accelerated through an analyser magnet in which, due to the field strength, 
only the ions with the desired mass can pass through the exit slit. This beam is then 
collimated via the help of quadrupole lenses before being focused on the semiconductor 
target. Doping uniformity across the target is achieved by the X and Y scan-plates which 
scan the ions in the bearn in a raster pattern over the whole area of the target. 
Figure 3.6 Schematic diagram of an ion implanter [ 12]. 
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Quadrupole ns X-scan 
When energetic ions reach the target surface, they penetrate the surface and slow down, 
losing energy mainly via excitation of electrons (or electronic collisions) and nuclear 
collisions. Figure 3.7 shows a typical path of an ion in a semiconductor. The path is 
initially straight, but, later, it zigzags until the ion comes to rest. In the first part, an ion 
loses energy due to electronic collisions, whereas in the latter nuclear collisions 
dominate. Ion range (R) is the total distance travelled by the ion and is usually divided 
into two components: the distance (Rp) travelled along the axis of incidence and the 
distance (Ri) travelled along the axis perpendicular to the axis of incidence. These are 










Figure 3.7 The path of an ion in a serniconductor as it loses energy and slows down [ 12]. 
Since the number of collisions per unit length and the energy loss per collision are 
random variables, the ions of the same mass and energy will have a range distribution. 
For example, the range distributions for amorphous semiconductors are Gaussian 
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functions. For this function, the concentration of ions n(x) that stop at distance x along 
the axis of incidence will be given by 
n(x) = no -e xp 2-AR 
p2 
(3.4) 
where no is the peak concentration at x= Rp, and ARp is the standard deviation of Rp and 
known as the range straggle [40]. If the total dose is Ni,, c, then the integration of Eq. 3.4 




0.4 - Ni,, c (3.5) 
-J2_7EARP - ARP 
Ge ion implantation of the Si02 films was performed using a Varian DF4 ion-implanter 
in the Department of Physics of the Middle East Technical University, Ankara, Turkey. 
This system had an operating energy range between 0-200 keV and contained 3 diffusion 
pumps to evaporate into the system. The gas used as the source of Ge ions was GeF4. Ge 
ions of doses 7xlO15,3xI 016 and IXIO17 CM-2 were implanted into 200 nm and 100 nm 
thick films Of Si02 at an energy of 100 keV and at room temperature. At this energy, the 
peak concentration of the implanted ions was lying - 70 nm from the surface, as 
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Figure 3.8 SIMS implantation profile of 100 keV Ge+ in a 200 rim Si02 film on Si (line+star). Gaussian fit 
(short dots) of the curve gives the projected range (Rp) as - 70 nm and the full width at half maximum 
(F"M) as - 53 nm. The enlarged (50X) part of the experimental curve on the right confirms the oxide 
thickness, i. e. as 200 nm (notice the abrupt stoppage edge of ions at the Si surface). 
In Fig. 3.8, by taking the half-width-at-half-maximum (HWHM) of the Gaussian peak, 
i. e. - 27xI 0-7 cm, as the range straggle (ARp), and given that the total ion dose is 
N1015 CM-2, we can calculate the peak concentration (no) as l. 05xI 021 ions CM-3 . 
This 
value is in good agreement with the experimental value Of 1.09X, 021 ions CM-3 . Further, 
using the calculated value of no and by taking the Rp as 70 mn, the ion concentration can 
be estimated using Eq. 3.4, for example, at x= 33 nm from the surface as 
3.8300 20 ions CM-3 . At this 
depth, the SIMS data give n(33 run) = 4.20x 1020 ions CM-3, 
which is also in good agreement with its corresponding calculated value. 
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3.3.4 Annealing 
Since the binding energy of a lattice site is only 10-20 eV [40], with the energies 
employed in ion-implantation, enough energy can be transferred to the atoms in the target 
to displace them and make them travel through the target. Each implanted ion can 
displace hundreds or thousands of stationary atoms in the target [12] and these 
newly-generated target atoms with some kinetic energy can cause further displacements 
in the target. Eventually, an initial crystal structure, for example, can change into a 
highly-disordered state (i. e. amorphous state) as a result of ion-implantation. Therefore, if 
implantation is aimed as a doping mechanism for a semiconductor to improve its 
conductivity, then the ion damage has to be repaired and electrically inactive ions, sitting 
on interstitial sites, have to be moved on to the lattice sites by an additional process. 
Annealing (heating) of such a semiconductor at high temperature can overcome these 
problems. Annealing can restore the crystallinity of the semiconductor and provide 
sufficient thermal energy for the implanted ions to move on to lattice sites where they 
become electrically active. 
Moreover, if the ion-implantation is performed to synthesise nanocrystals of the 
implanted impurity (embedded in the target (host) material), rather than to increase the 
conductivity of the target, again, annealing becomes a necessary step to be taken. 
Annealing causes a diffusion of the scattered ions through the target as well as repairing 
the damage in the host lattice. However, annealing also smears out any intended impurity 
profiles as it causes a re-distribution of the implanted ions. 
After Ge' implantation we annealed the Si02 films in a conventional furnace, in chy N2 
ambient (gas flow rate =31 min"), at temperatures between 700-1050 OC, and for a 
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period of 45 min or 60 min. Table I provides a specification of the samples prepared and 
studied in this investigation. 
Table I. Preparation conditions for Ge' implanted Si02 fIhM on Si: lion energy is 100 keV for all the 
samples. 1 Id.,,: oxide thickness; T,: annealing temperature; t,: annealing time. 
Ion Dose 
(Cnfl) d,,, (nm) T. (C) t. (min) 
annealing 
atmosphere 
7x1O" 100 1050 45 N2 
N1015 200 1050 45 N2 
3x1 016 200 700,900,1050 45 N2 
IXIO17 200 900 45 N2 
1X1011 250 800 60 N2 
3.3.5 Characterisation 
3.3.5. a Raman 
Raman scattering spectra of the films were obtained before and after annealing, in 
back-scattering configuration with a Renishaw RM series Raman microscope (shown in 
Fig. 3.1), using a 514.5 nm Ar" laser excitation source. All of the measurements were 
carried out at room temperature, using a total lascr power of either 4 or 0.4 mW (on the 
sample). The beam diameter was I ýtm on the sample surface and scattered light was 
collected with a CCD camera on the head of the microscope. The spectral resolution was 
I I cm- . 
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3.3.5. b PL 
PL measurements were carried out in the visible region at room temperature (300 K) 
for the as-implanted and annealed films. The spectra were excited using the 488 nm line 
of an Ae laser and recorded using a photomultiplier tube. Whereas a liquid-nitrogen 
cooled Ge photodiode was used to collect the PL in the near IR region from the samples 
implanted with dose of 7x 1015 CM-2 at 300 K and 100 K in a temperature-controlled He 
cryostat. 
3.3.5. c SIMS 
When an energetic ion beam is incident on a semiconductor, atoms near the surface 
may receive enough energy to be ejected (sputtered) from the surface. A small fraction of 
the sputtered species will be ionised. This process is known as secondary ion emission 
and secondary ion mass spectrometry (SIMS) is based upon the detection of these ions. In 
SIMS, ions are analysed using a mass spectrometer. In today's SIMS systems, the 
sputtering is usually perfonned in an argon [40] or oxygen [41] plasma so that the 
ionisation of the neutral particles can be accomplished after ejection, thus minimising the 
matrix effects and increasing the uniformity of the sensitivity for various species. 
SIMS has various applications such as dopant and impurity depth profiling, surface 
analysis, and microanalysis. During the SIMS analysis the sample surface is slowly 
sputtered away. Continuous analysis produces information as a function of depth (depth 
profile), known as dynamic sputtering. Static sputtering uses extremely low ion current 
and energy and it is usually used to obtain information from nearly undisturbed surface 
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monolayers [12]. Focusing the primary ion beam to a diameter on a scale of a micron 
[41] on the surface allows the microanalysis, of a sample. 
in dynamic SIMS, a focused ion beam is raster-scanned over an area greater than 
approximately 5 times its diameter [12]. This results in a crater with a flat bottom, 
revealing successive layers of the sample. The intensity of the sputtered ions is measured 
first as a function of the sputtering time. Using a profilometer the depth of the crater is 
determined and then the time axis is converted into depth. Secondary ions are extracted 
from the sample as they are produced, and monitoring the count rates of the secondary 
ions of selected elements as a function of depth leads to depth profiles. 
A Physical Electronic, Inc. quadrupole SIMS system was used to study the implant and 
diffusion profiles of the samples respectively before and after annealing. Depth resolution 
of the system was better than 2 nm at depths less than 1 pm. An energetic primary ion 
beam is used to sputter atoms from the sample surface. Secondary ions were mass 
analysed and detected in a quadrupole mass spectrometer [41]. 
3.3.5. d TEM 
in TEM, the wavelike behaviour of an electron is exploited to form an image of a 
sample of the atomic scale. Basically, the sample is 'irradiated' by accelerated electrons 
which pass through it to forni an image. The sample itself has to be very thin (around 
100 nm [12]) so that most of the electrons can pass through it without significant inelastic 
scattering. Typically, a heated tungsten filament is employed as the source of electrons. 
The generated electron beam is biased at a voltage as high as hundreds of keV and 
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accelerated through a condenser lens on to the specimen. The scattered and unscattered 
electrons from the sample are collected by an objective lens which forms a diffraction 
pattern and an intermediate image of the object, respectively, in the back focal plane and 
the image plane. The image produced by the objective lens then can be magnified by 
intermediate and projector lenses and projected on a screen. Variations in the atomic 
composition or the thickness of the specimen cause changes in the electron scattering 
from the main beam. Furthermore, if the sample has a crystalline character then strong 
Bragg diffraction of the beani will occur in specific directions which can be observed in 
the electron diffraction patterns. 
Transmission electron microscopy (TEM) was performed on a number of samples at 
200 keV to observe the Ge nanocrystalline precipitates in the Si02 by using a Philips 200 
kV system. 
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3.4 SPARK-PROCESSED Ge 
3.4.1 Introduction 
Although there has been little work done so far on the visible light emitting Ge 
nanostructures (in comparison to Si), it has been observed mainly in low dimensional Ge 
nanocrystals embedded in Si02 matrices that they exhibit typical broad PL bands in the 
visible at 2.1-2.4 eV [20][21], 3 eV [22], and 1.8 eV [38] (see also Chapter 2). Spark- 
processing has been demonstrated to be one of the methods capable of producing 
semiconductor nanocrystals. Spark-processed substances are expected to contain 
nanocrystals (of the substrate material) varying in diameter between 2-10 nm [24], as it 
was shown for the case of spark processed Si (sp-Si) [42]. 
In recent years, visible PL from spark-processed Ge (sp-Ge) has also been reported. At 
room temperature the main PL peak of sp-Ge is typically located at 2.3 eV (520 nm) with 
two shoulder peaks at around 3.0 and 2.0 eV (410 and 6 10 nin) [43], as shown in Fig. 3.9. 
The shoulders at room temperature develop into pronounced peaks at lower temperatures 
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Figure 3.9 PL spectra of sp-Ge at some selected temperatures (300,160 and 20 K) [43]. 
However, the origins of PL from sp-Ge are still under discussion. In particular, the 
debate is as to whether all or any of these PL bands originate due to defects in germanium 
oxides or nanocrystals, or involve both [43][44]. In addition, the microstructure of sp-Ge 
has not been studied in detail to date: specifically, no direct link has been made yet 
between the Ge nanocrystals (or any other chemical species in the films) and the visible 
PL. 
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In this study we aimed to investigate the microstructure of visible PL sp-Ge using high- 
resolution micro-Raman spectroscopy. Specifically, the local chemical compositions, 
presence of Ge nanocrystals, surface contaminants (such as Q and their contributions to 
the PL spectra were determined using the simultaneously recorded micro-Raman and 
micro-PL spectra. Using cross-sectional SEM micrographs the thickness and micro- 
images of the films were obtained. 
3.4.2 Spark Processing 
The spark processing was conducted by using an unidirectional pulsed 15 kV source 
between a tip-shaped tungsten electrode (anode) and undoped c-Ge wafers (cathode). 
Sparking was performed in stagnant air for 20 min and the repetition frequency and the 
pulse duration were 16.7 kHz and 10 ns, respectively, as reported earlier in Fig. 3.9 [43]. 
This generated a greyish-looking, circular-patterned film with a relatively small diameter 
of about 2-3 mm, which was surrounded by a light brown halo. As the dimension of the 
films was small several samples were produced under the same conditions described 
above to examine the consistency of the PL and Raman spectra. 
3.4.3 Characterisation 
3.4.3. a PL 
PL measurements of the sp-Ge samples were carried out at room temperature using the 
325 nm line of a He-Cd laser. The detection system consisted of a 0.33 m (focal length) 
single grating monochromator and a cooled GaAs photomultiplier. The spectra obtained 
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from the (3) films produced under same conditions were similar to each other and to that 
room temperature PL in Fig. 3.9 but slightly differed in Pl, peak energies. 
3.4.3. b Micro - Raman & PL 
Micro-Raman scattering spectra of the same samples were obtained in back-scattering 
configuration with a Renishaw RM series Raman microscope (see Fig. 3.1). Spectra were 
excited with a 514.5 mn Ar"" laser source at room temperature, using a total laser power 
of either 4 or 0.4 mW (on the sample). The spectral resolution was I cm-1. The beam 
diameter was I gm on the sample surface and scattered light was collected with a CCD 
camera on the head of the microscope. Micro-optical images of the sample surface 
enabled positioning of the laser spot on the desired area of the sample. 
Micro-Raman spectra of the samples were obtained along with their luminescence 
backgrounds, i. e. with the micro-PL spectra. The energy range studied with these micro- 
PL spectra corresponded to the orange band of the visible PL seen in Fig. 3.9. 
Measurements taken at different spots on each single film were used to check the 
structural and compositional uniformity (or any non-uniformity) as well as the 
consistency of the micro-PL spectra across the films or between the films. As the earlier 
XPS and FTIR data of Chang et al. [24][43] indicated the existence of GeO,, s in sp-Ge, 
we also obtained the Raman spectrum of a commercial c-Ge02 powder sample in order to 
compare with those of sp-Ge. The Raman spectrum of bulk Ge was taken from the 
untreated part of a sample (i. e. on clean substrate) as reference. Spark-processed Ge 
Raman spectra, however, showed discrepancies in terms of the local microstructure 
between samples and (even) across a single film. 
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3.4.3. c SEM 
Cross-sectional micro-images of the samples were obtained using a LEO 1530VP field 
emission gun scanning electron microscope (FEGSEM). The resolution of this system 
was 2.1 nm at I keV accelerating voltage. 
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CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1 POROUS Sil-,, Ge,, 
4.1.1 Micro-Raman 
Raman spectra of the starting C-SiO. 87GeO. 13 alloy epilayer and of three porous SiGe 
samples, prepared at the same current density but for different etch times, are given in 
Fig. 4.1. Optical phonons related to Si-Si vibrations dominate all the spectra as they are 
responsible for the major peaks located at around 510 cm-1. The corresponding band 
maximum of the starting alloy occurs at 513.1 cm-' and it has a linewidth (FWHM) of 
4.9 cm-1. In the case of pure Si crystal, the Si optic mode peak is at 520 cm-1 with a typical 
linewidth of -5 cm-1 [1]. The downshift of the Si-Si peak frequency in bulk Sil.,, Ge,, 
alloys, with respect to c-Si, is explained in the literature as the effect of alloying and 
sensitivity to the strain in these layers [2,3]. In Sil-,, Ge,, alloys, within the neighborhood of 
larger mass Ge atom, the force constant of the Si-Si bonds decreases and so the optic 
phonon band of pure Si shifts from 520 cm-' to lower frequencies for Sit -,, 
Ge,, (x#O). It is 
also known that the position of the Si-Si Raman peak is indicative of the composition of 
Sil-,, Ge,, alloys (either bulk [3,4] or nanostructured [5]), as the shift in its frequency is 
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Figure 4.1 Raman spectra of c-SiGe epilayer and 3 counterpart porous SiGe samples. Emission is much 
more intense for porous samples than for the unetched epilayer, and it decreases with increasing porosity. 
(The etching time was 2,10 and 20 minutes for sample G2, MIO and Y20, respectively, at a fixed current 
density 22 mA CM72. ) 
From Fig. 4.1 it is also seen that the Raman intensity from the bulk alloy is 
approximately 5 times weaker than from porous SiGe samples. A 10 times stronger 
Raman intensity is observed from porous Si than crystalline Si by Tsu et al., and they 
attributed this discrepancy to the surface enhancement or resonance effect [6]. 
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Two other fundamental vibrations are observed in Raman spectra of Sii-,, Ge,, alloys at 
- 300 cm-1 and - 400 cm-1 due to Ge-Ge and Si-Ge optic phonon modes, respectively 
[3,7]. There are also other weaker Raman features which have been observed for different 
compositions of Sil-,, Ge,, alloys, though differently prepared, such as in the bulk or in 
superlattices [3,8]. Figure 4.2, which is a re-plot of the Fig. 4.1 between 200 and 470 cm-1, 
shows the detail of the weaker features present in our spectra (spectrum of bulk alloy is 
multiplied by a factor of 5 for the same purpose and to compare quantitatively with the 
other spectra). As for the present spectra, beside the Ge-Ge (- 290 cm-) and Si-Ge 
(- 400 cm-1) optic modes, we spot two other extra peaks at - 250 cm-1 and - 430 cm-1, 
those are generally observed in Sil-. Ge,, alloys with low Ge concentration [3,8,9]. 
Timbrell et al. attributed these two peaks (also seen in their Raman spectra Of SiO. 82Geo. 18 
alloys) to vibrational modes of a particular kind of Si-Ge ordering in the alloy [8]. We 
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Figure 4.2 Details of the weaker features in Raman spectra of Fig. 4.1. Spectrum of the bulk epilayer is 
multiplied by a factor of 5 for clarity. Peaks are labelled with assigned vibrations. 
All the peak data of the present spectra are given in Table I for the bulk and three porous 
SiGe samples. The Si-Si peak data (linewidth and peak center) were obtained by a simple 
lorentzian fitting procedure to the Raman peaks. As can be inferred from the data in 
Table I, there is an increasing tendency for all the peaks (except the Ge-Ge peak) to shift 
towards lower frequencies with etch time (or porosity). For example, one of the Si-Ge 
peaks (at - 430 cm-1) shifts by - 0.7 cm-1, - 1.5 cm-1 and - 5.3 cm-1 to lower frequency 
respectively for porous samples G2, MIO and Y20 from the peak value of the unetched 
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alloy (435.05 cm-1). Similar shift values are noticed for the other Si-Ge peaks and the 
Si-Si peak for increasing porosity. We also note that there is an increase in both intensity 
and the energy of the Ge-Ge vibration as the etch time increases to 20 min (corresponding 
peak maxima for sample MIO and Y20 are 277.27 cm-1 and 285.83 cm-1, respectively). 
Table 1. Raman peak data of bulk (C-SiO. 87Geo. 13) and porous SiGe (samples G2, MIO and Y20). Peak 
centers and widths are in units of cm7l; etching times for the porous samples are given in brackets. (Spectral 
resolution= I crif 1. ) 
si-si Si-Ge Si-Ge Si-Ge Ge-Ge Sample (-430 cnf') (-400 cnf) (-250 cnf') Center 
Center Width Center Center Center 
C-SiO. 97Geo. 13 513.07 4.92 435.05 402.52 258.06 
G2 (2 min) 512.62 5.72 434.37 402.91 257.47 278.60 
MIO (10 n-dn) 510.85 6.33 433.57 401.98 255.68 277.27 
Y20 (20 min) 508.23 8.02 429.76 398.91 254.63 285.83 
4.1.1. a Discussion 
It might be suggested that the general shift of the Raman peaks in the low frequency 
direction is due to a progressive change in the film composition with porosity. For the 
bulk Sil, Ge,, alloys, an increase in the Ge content results in the shift of the Si-Si peak to 
lower frequency, and a reduction of its intensity relative to those of Si-Ge and Ge-Ge 
optic phonon bands [3,5,7]. The linear relationship between the fractional Ge content, x, 
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and the Si-Si peak position for unstrained (relaxed) Sil-,, Ge,, alloys is described in the 
literature (for example [2-4]) usually as 
92(x) = 520.0 - 68 *x (4.1) 
where Q(x) represents composition dependent phonon energy, in units of cm-1 [2]. For 
pure Si (x = 0), the frequency is 520 cm-1. If we assume that all the porous SiGe samples 
are in the fully relaxed state, as well as the initial bulk alloy, according to the linear 
equation above our bulk alloy and porous SiGe samples G2, M 10 and Y20 should contain 
approximately 11%, 12% 14% and 18% Ge, respectively. Thus, it can be suggested that 
the Ge content (x) increases with porosity and this increase can be as large as 7% (for 
sample Y20) relative to the bulk alloy value. However, this picture does not seem quite 
realistic when we carefully examine the Raman peak lineshapes in comparison with the 
Raman studies on bulk Sil-. Ge,, alloys and Si nanocrystals. Modifications to the bulk 
Raman spectral line is expected when particle size (of the same material) is finite. 
Figure 4.3. a illustrates the detail of the Si-Si peak for bulk and porous SiGe. The peak 
linewidth increases and its frequency downshifts progressively with porosity (see Tables I 
and II). Such an effect, however, is not amongst the observed consequences of 
compositional variation of Sil-,, Ge,, alloys. Holtz et al. studied the composition 
dependence of the Raman spectra for their MBE-grown Sil-,, Ge,, alloys and reported that 
the linewidth of the Si-Si optic band did not change with alloy composition (for 
0:! ýx: 50.22) [2]. On the other hand, the phonon confinement model [101 for Si nanocrystals 
predicts both of the effects observed here, namely the peak broadening and downshifting. 
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Figure 43 (a) Detailed experimental Raman spectra around the Si-Si peak for the spectra in Fig. 4.1. 
(b) Raman spectra calculated according to the indicated model [10] for crystal sizes of 12.0 nm, 16.1 nni, 
19.3 nm and 200 mn (i. e. corresponding to the bulk). The peak maximum shifts to lower frequency and its 
linewidth increases with porosity (a), or as the crystal size reduces (b). Experimental and calculated spectra 
are given in separate windows for simplicity. Peak intensities in respective windows are normalised for 
clarity. Peak frequencies of the spectra in (b) are arbitrarily moved in order to provide better visual 
comparison of the theory (b) with experiment (a) (see Table II). 
Comparing only the linewidths of the Si-Si peak of the porous SiGe samples with those 
calculated (Figure 4.3. b) with the phonon confinement model [10], we estimate an 
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average nanocrystallite size of 19.3±1 nm, 16.1±1 nrn and 12.0±1 mn in swnples G2, MIO 
and Y20, respectively (Table II). For strain-free nanocrystals of Si of these sizes, the 
position of the Si-Si peak is expected to shift to lower frequency by 0.5 cm", I cm-1 and 
2 cm-1, from the bulk c-Si value of 520 cm-' (in this case from 513.1 cm-1 for bulk 
SiO. 87Geo. 13). However, as can be seen from Table II, the observed peakshifts of the porous 
samples are increasingly greater than that obtained from their calculated pair values 
(except for the low porosity sample G2). This suggests that variation of the film 
composition (i. e. increasing Ge fraction) also takes a role in the observed downshifts of 
the Si-Si peak. 
The degree of compositional variation between samples is calculated using Eq. 4.1 by 
taking into account the difference between the observed and calculated Si-Si peakshift 
pairs (Table II). The fmal Ge fractions were determined for the samples Y20, M 10 and G2 
as 17%, 15% and 13%, respectively. As the nanocrystal size decreases (or the porosity 
increases), the Ge content (x) becomes greater, such that the Ge-Ge peak eventually gets 
clearly visible. Furthermore the intensity of the Si-Ge optic mode (- 400 cm-) increases 
relative to the other Si-Ge peak (- 430 cm-) for the sample with the highest porosity, 
namely sample Y20 (see Fig. 4.2). An increase in the [Ge]/[Si] ratio is also reported by 
Ksendzov et al. in stain-etched MBE-grown SiGe alloys [5]. 
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Table IL Summary of the calculations based on the Si-Si peak data of the spectra in Fig. 4.3. Peak centers, 
widths and shifts are in units of crif 1. Nanoparticle sizes (d,,, ) are calculated in accordance with the phonon 
confinement model [10] (but only the peak width enlargement is taken into consideration). Change in the 
film composition (in Ge %) is calculated using Eq. 4.1 for the difference in calculated (shift I) and observed 
(shift2) shifts of the Si-Si peak of porous SiGe from the bulk value. 
Si-Si peak d.. shiftl shift2 
Vshift estimated final 
Sample (nm) (calc. ) (obs. ) (shift2- changein 
% Ge 
Center Width shiftl) x (%) content 
Bulk 513.1 4.9 0000 13.0* 
G2 512.6 5.7 19.3 0.5 0.5 0 0 13.0 
Mio 510.9 6.3 16.1 1 21 1.5 14.5 
Y20 508.2 8.0 12.0 2534.4 17.4 
* Ge content in bulk alloy is taken precisely as 13.0% here, although the x-ray data indicated an error of I% 
(i. e. 13±1%), since compositional variations in the porous samples are to be calculated relative to a fixed bulk 
content. 
It is possible to suggest that etching takes place selectively on Si atoms as the 
nanocrystal size decreases, that is the etch selectivity follows a non-unifonn path as the 
dimensions decrease. These results, however, are preliminary and more data is needed to 
fully comprehend the etch mechanism of SiGe, which in return should yield an 
understanding of the optical properties of the final porous SiGe material. 
Alonso and Winer compared the Raman peak frequencies above 390 cm" of their fully- 
relaxed, liquid phase epitaxy (LPE) grown-single crystal Sil.,, Ge,, alloys to those of bulk 
polycrystalline Sil-,, Ge,, alloys as a function of Ge content x [14]. Particularly important 
here, their data for both sets of alloys showed that the position of the Si-Ge optic mode 
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(- 400 cm-1) varied slowly with x (for x<- 0.60) and in an opposite sense to the Si-Si peak 
and the 430 cm-1 Si-Ge peak. These latter two peaks varied linearly with x in the same 
direction, but with different gradients. In other words, the Si-Ge optic mode shifts to 
higher frequency for an increase in x, contrary to the other peaks (above 390 cm"), which 
shift to lower frequencies. As for the present spectra of porous SiGe, we note that the 
frequency of the Si-Ge optic band maximum shifts to lower frequencies as the nanocrystal 
size decreases (Table I), despite the fact that the Ge content, x, slightly increases with 
porosity (Table II). Therefore, we conclude that the behaviour of this Raman peak 
indicates distinctively the confinement of Si-Ge optic phonons in several nanometer-sized 
SiGe crystals, rather than a compositional variation. This observation, to our knowledge, 
is a first for porous SiGe [11][12] and also for other SiGe alloy microstructures, [5][13]. 
Earlier Raman spectroscopy studies of porous SiGe merely reported a vague downshift of 
the Si-Si peak by a few cm-1 from the bulk value (independent of the sample preparation 
parameters) [11][12] and attempted to calculate the size of 'Si nanocrystals' in their 
porous SiGe samples [11]. 
Lastly, we also note that the sizes of SiGe nanocrystals in our samples are relatively 
large, for example, compared to those prepared by Takeoka et al. in Si02 matrices, using a 
combination of co-sputtering and post-annealing processes [10]. Yet the sizcs of SiGc 
nanocrystals in our samples might be reasonable when it is considered that the production 
of porous SiGe samples took place from 'undoped' substrates where the density of photo- 
generated carriers during anodisation may not be so superficial, for example, to reduce the 
particle dimensions below 10 nm (for the etching times studied). It is suggested for the 
anodical etching of Si that (intrinsic) holes (h) must reach the silicon/electrolyte interface 
for the etching of Si to carry on, and so the particle size can be further reduced ( 14]. 
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4.1.2 High-Resolution SEM 
Figure 4.4 shows cross-sectional SEM micrographs of porous SiGe sample G2. It was 
observed that only several hundred nanometers (300-400 nm from the surface) of the 
SiGe epilayer was rendered nanoporous in this sample (Fig. 4.4. a). The rest of the 
I gm-thick undoped epilayer, as well as the 0.2 gm-thick undoped Si buffer layer 
underneath, remained intact through the anodisation. Yet it was observed that pores 
started to form in the n+-type Si substrate. The depth of the pores was approximately 
5 gm from the surface and the pore channels were almost randomly oriented, as seen in 
Fig. 4.4. b. 
Cross-sectional SEM images in Fig. 4.5 reveals clearly the thickness and morphology 
of the etched and unetched layers in sample MIO. Fig. 4.5. b shows, from top to bottom: 
nanoporous, SiGe: - 0.2 ýtm; unetched bulk SiGe: - 0.75 pm; unetched Si buffer layer: 
- 0.25 pm. Fig. 4.5. a shows nanoporous, Si: -4 pm. It is noticeable that the pore channels 
in the Si substrate in Fig. 4Ab develop into a fine-structured porous Si layer after 10 min 
etching (sample MIO, Fig. 4.5. a and b). In addition, a slight decrease (- 50 nm) in the 
porous SiGe film thickness is observed for this sample compared to sample G2. 
Lastly, in the case of sample Y20, the microstructure was similar to that seen in sample 
MIO, with the only difference being the thickness of porous layers (not shown). %Vhilc 
the thickness of the porous Si film was approximately 20 gm, the thickness of the porous 
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Figure 4.4 Cross-sectional SFIM iniw-es o" t1le Pol-ok's '. )"('c s. ""Ple (, 2. (a) I lie nanopojtjtjý, SI(ic 1-11 
i 
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Figure 4.5 Cross sectional SEM images of the porous SiGe sample M 10 demonstrating (a) the thickness 
and the fine structure of the porous Si layer; (b) the microstructure around the SiGe epilayer. 
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4.1.2. a Discussion 
High-resolution SEM micrographs indicate that SiGe quantum structures are grown, 
near the surface of the I ýLrn-thick bulk SiGe alloy epilayer, in all the samples studied. 
Although the underlying Si substrate was also etched in all these samples, it was 
noteworthy that not the entire bulk alloy layer was rendered porous (even after 20 min 
etching). We suggest that the high resistivity of the (buried) undoped layers, i. e. SiGe 
alloy and Si buffer layers (see Fig. 4-5. b), precluded them to be etched by anodisation and 
that only those layers a few hundred nanometers from the surface were etched. A fine 
porous structure could be formed there with the assistance of light illumination during the 
anodisation. It is well known that in lightly n-type doped Si substrates the holes necessary 
must be supplied externally for the etching to take place, and this is usually achieved by 
light illumination during the anodisation [14][15]. 
To facilitate the understanding of the etching of the deeper layers (i. e. the Si substrate) 
beneath the thick, intact layers, we suggest the following mechanism. Channels going all 
the way through the epilayers, down to Si substrate, were formed rapidly, starting 
possibly at atomically rough parts of the surface, in an avalanche due to the high voltage 
biasing and powerful (250 W) light illuminating of the wafer. The atomic structure of the 
fully-relaxed SiGe epilayer is viable for the growth of such deep channels due to stacking 
faults in this layer. Then these channels allowed injection and infiltration of the 
electrolyte through the Si substrate, and the very low resistivity of the (n+-type) Si 
substrate permitted the etching to take place, with the macropores in Fig. 4.4. b forming 
first (after 2 min etching). Eventually, with longer etching times, a fine-structured 
nanoporous layer was formed (Fig. 4.5), even without the need of light, that is in almost 
total darkness. 
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Although cross-sectional high-resolution SEM images provided real-iniages of SiGe 
nanowires, a direct size estimation by analysing them did not seem to be easy. Thus, we 
find it more convenient to use the results obtained by Raman modelling for the 
corresponding average crystal sizes in our samples. SEM micrographs, nevertheless, 
supported the Raman results (Fig. 4.3 and Table 11) qualitatively. Figure 4.6 illustrates an 
example SEM image demonstrating the detail of the typical SiGe nanostructUres grown in 
our samples. According to this figure, the diameters of the wire-like SiGe qUantUrn 
structures in our samples are comparable to - 10 nni. However, as quantitative analysis of 
the sizes does not seem to be easy using SEM images (such as Fig. 4.4 and Fig. 4.6), a 
numerical comparison between the samples could not be made this way either. 
micro-Rarnan spectra indicated the average size as 16.1 rini in this sample. 
Lastly, we note that the thickness of the porous SiGe layers In Our samples decreases 
with the etching time. The exact mechanism of this effect is presently not clear, bUt it 
appears that an etching time of 2 min seems to be enough for the thickness of the porous 
layer to 'saturate' with the formation of a certain nano struct Lire. When tile ctch time is 
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Figure 4.6 Wire-like SiGe quanturn structures sm-own by anodisation (sample MIO). Modellimý of 
increased to 10 min the thickness of the already-grown porous film starts to decrease, 
while the columns of the quantum structure shrinks slowly. The film thickness further 
reduces when the etch time reaches 20 min. It is then reasonable that the intensity of the 
first-order Raman spectra in Fig. 4.1 decreases with the etch time, although the spectra of 
all of the porous samples had approximately 5 times stronger intensity than that of the 
bulk epilayer. 
4.1.3 PL 
Figure 4.7 gives the spectra of the PL emission from our porous SiGe samples in the 
visible region. The intensity of the emission was very weak in all cases. The PL energy is 
independent of the sample preparation parameters. The energy and spectral shape of the 
PL are similar to those of the characteristic orange PL emission of PS in air [16]. (Here, 
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Figure 4.7 Room temperature PL spectra of the porous SiGe samples with 325 nin excitation. 
Our porous SiGe samples with average nanocrystal sizes 12.0,16.1 and 19.3 run are not 
expected to emit in the visible if the quantum confinement QQ is considered as the 
mechanism of the PL. It is generally accepted that, as a result of QC, the PL will be 
pushed into the visible for (Si) crystallite sizes below 5 nm, following the widening of the 
I bandgap. However, it is not clear at this stage whether there are a sufficient number of 
nanoparticles with bandgaps large enough (or sizes small enough) to yield visible light 
emission in these samples. The similarity of the PL emission to that of PS, however, 
makes this suggestion somewhat more probable. Still, there is not enough evidence to 
attribute the visible PL emission to QC effects or to any other particular means. 
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4.2 STAIN ETCHED Ge 
4.2.1 SEM 
Figure 4.8 shows typical SEM micrographs obtained from samples prepared in 
H202: HF solution (Type I-SG). The layer formed on the substrate shows a high degree of 
topological uniformity and exhibits two forms (Fig. 4.8. a and b): one has a rounded shape 
(disk-like) with typical diamcters of 100-300 nm, and the other has a cylindrical shape 
with lengths 100-700 nm. and diameters of - 20 nm. The layer thickness was a few 
hundred nanometers, but showed fluctuations even across a single film (Fig. 4.8. c and d). 
It is also notable from Fig. 4.8. b that there are wide discontinuities present in the film, 
some possibly going all the way through the substrate (see below). 
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Figure 4.8 Typical SEM micrographs of light-assisted 11,0, JIF-stain etched Ge (Type I-S(O: (a) and (h) 
are plan views of the surface features, (c) and (d) are cross-sectional views from a simde t-11111 
dernonstrating variations in film thickness (- 270 and - 450 nin respectively). 
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4.2.2 ED X 
Energy dispersive x-rav (EDX) analysis was used to check the composition of the filins. 
For this purpose, a tiny piece was taken from a sample surface, as shown in Figure 4.9. 
Care \vas taken to not include any bulk material from the c-Ge substrate so as not to 
cause any misinterpretation of the film composition. Contributions from Ge and 0 were 
observed and their relative percentages were deternimed to be 76±5% and 24±5%, 
respectively. 
Figure 4.9 A tmý piccc Ilom dic Iýpc 1-ý, o loi I OX ý\ýilh () -'I - ', and (Ic 70t 5 
element %). 
4.2.3 FT IR 
IR spectra sI ni II ar to that in [17] were observed for the Type I -SG samples (Fig. 4.10). 1 
In addition to the GeO-, band at 880 cm-1 and the broad feature between 3000 and 
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3650 cm-1 due to hydroxyl (-OH) groups and water, another peak ascribed to 
substoichiometric regions and oxygen-vacancy complexes in Ge02 [17][18] can be seen 
at - 750 cm". However, unlike the observation of Si-H in PS (Fig. 2.3), no Ge-H 












4000 3500 3000 2500 2000 1500 1000 
Wavenumber (cm*') 
Figure 4.10 Typical MR spectrm of Type I-SG. 
On the other hand, the IR absorption spectrum given in Fig. 4.11 indicates the presence 
of hydride bonds, as well as a reduced arnount of oxides, on the surface of a fresh 
Type II-SG film. OH groups were also detected at around 3300-3500 cm-1 in extended 
scans, but the background signal was too high around those frequencies. The scan range 
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Figure 4.11 IR absorption spectrum of a fresh Type 11-SG film. OH groups were also detected at around 
3300-3500 cm-' in extended scans. The features around the noisy part (near 1600 cm") are related to the 
presence Of C02 in the sample window of the spectrometer. 
4.2.4 Raman 
The one-phonon Raman spectrum of c-Ge is shown in Fig. 4.12. a and clearly indicates 
the presence of a single peak, at 300 cm-1, which corresponds to Ge optical phonons. In 
Fig. 4.12. b, however, it is seen that there are two peaks in the Raman spectrum of a 
Type I-SG sample. The position and FWHM of the Ge peak for Type I-SG at 300 cm" is 
practically the same as that seen for c-Ge. The peak at 445 cm-1 we attribute to 
non-stoichiometric Ge oxides because, except for the 442 cm" peak, Raman peaks typical 
of c-Ge02 (Fig. 4.12. c) are not seen here. C-Ge02 is characterised by peaks at 122,165, 
211,246,262,327,442,515,592,858,881,960, and 972 cm", however there is no 
observable peak at the Ge optic phonon mode position (i. e. 300 cm") due to the lack of 
Ge-Ge bonds. Therefore, we can suggest that the peak at 300 cm" in the Raman spectrum 
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of the Type I-SG is due to the c-Ge substrate: the large discontinuities in the film might 
well have led to a contribution to the spectrum from the substrate. The inset to Fig. 4.12 
shows the effect of etch time on the amount of suboxides present: a longer etch time 
results in a greater oxide fraction. 
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Figure 4.12 Room temperature Raman spectra of (a) c-Ge, (b) Type I-SG, and (c) c-GeO2. Ile inset shows 
440 cm-1 peaks for two SG samples prepared under the same conditions with only etching times different. 
These results combined with the FTIR spectroscopy results suggest that Type I-SG 
films are composed of non-stoichiometric Ge oxides with plenty of oxygen-vacancy 
complexes, i. e. of various GeOx (O<x<2). 
134 
The Raman spectrum from an as-etched Type II-SG film (prepared in HF: H3PO4: H202 
solution) is shown in Fig. 4.13. a. This spectrum is similar to that of amorphous Ge [20], 
but it is narrower and shifted slightly to higher frequency. Alternatively 2-3 nm Ge 
nanocrystals could be responsible for such a spectrum. The Raman spectrum of Type 11- 
SG annealed in air (Fig. 4.13. b) has two clear peaks, at - 450 and - 170 cm", assigned to 
germanium oxides. With the annealing temperature kept as low as 600 T, there seems to 
be a total transformation of the chemically-etched film probed with Raman spectroscopy: 
that is, Ge-Ge bonded chemically-etched material is completely transformed into GeO.., 
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Figure 4.13 Room temperature Raman spectra of HF: H3PO4: H202-stain etched Ge (Type 11-SG): (a) before 
and (b) after annealing in air for 30 min at 600 T. 
Low-temperature annealing of this sample in H2 has, however, tightened the 
interpretation of the Raman spectra. A model based on phonon confinement was fitted 
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to the Raman spectra of H-annealed samples, and nanocrystal sizes at around 8-9 rim 
were realised (see below) [21 ]. 
In Fig. 4.14 it can be seen that the Raman band (curve 1) of an H-annealed film 
consists of a rather narrow asymmetrical peak at high frequency and a small wide 
shoulder at low frequency. Thus, the band is expected to consist of more than one 
component, one of which may be due to c-Ge substrate. Therefore, the processing and 
interpreting of the spectrum was performed in two stages. First, the contribution of c-Ge 
was extracted by fitting a Gaussian peak at the known frequency (300.4 cm-1) and width 
(5.8 cm-1) of c-Ge but with 'freely-varying' intensity [21]. Second, the position and 
width of the residual spectrum (Fig. 4.14, curve 3) were determined, which gave 
297.4±1 cm-1 and 10.6±1 cm-1 respectively, and a calculated Raman spectrum for 
8-7±1 run Ge nanocrystals using the approach described in [22] was fitted to this peak 
(Fig. 4.14, curve 2). It can be seen that the correspondence between experimental and 
model calculated curves is relatively good, which support the existence of Ge 
nanocrystals in the Type II-SG film. Besides, a small difference in the form of a broad 
shoulder positioned near 280 cm-1 was assigned to the contribution of a fraction of 
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Figure 4.14 1- Experimental Raman spectrum of H-annealed Type 11-SG; 2- calculated Raman spectrum 
assuming phonon confinement for 8.7 nm Ge nanocrystals [21]; 3- residual spectrum after extracting 
contribution of c-Ge substrate and background. 
4.2.5 XANES 
Ge K-edge TEY-XANES raw data of bulk c-Ge and the two types of as-etched SG are 
shown in Fig. 4.15, along with the transmission-XANES of c-Ge02. The Ge K-edge is 
expected to occur at 11104 eV, the small difference in its position in Fig. 4.15 being due 
to monochromator calibration, and merely a systematic error and which should be 
adjusted for. In the XANES of c-Ge a feature due to the Ge-Gc environment appears at 
11109 eV. In c-Ge02 since each Ge atom is (tetrahedrally) bonded only to 0 atoms, its 
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XANES has only one peak at I It 13 eV due to the Ge-O envirorunent. It is clear that 
Type I-SG does not present as much Ge-Ge bonding character compared to c-Ge or 
Type II-SG. Although the total yield technique probes only a few tens of nanometers of 
the material surface [23], scattering from the Ge substrate could be responsible for the 
Ge-Ge absorption shoulder at - 11109 eV for Type I-SG, owing to discontinuities in the 
film (Fig. 4.8). In addition, there is a peak at -II 113 eV for Type I-SG which is ascribed 
to Ge-O bonds. Indeed we know from EDX (as well as IR and Raman spectroscopy) that 
Type I-SG mainly consists of Ge and 0. Consequently, the XANES of Type I-SG can be 
viewed as the superposition of the XANES of c-Ge and c-Ge02 (see Fig. 4.15). 
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Figure 4.15 XANES of stain-ctched PG films, with Ge02 and Ge crystals for comparison. XAS for Ge 
crystal and PG samples were measured in TEY mode and for c-Ge02 in transmission. Ge-Ge and Ge-O 
absorption peaks are indicated by dashed lines at 11108.8 and I 1112.7 eV, respectively. 




































On the other hand, the average film thickness for the Type IT-SG XAS sample is 
estimated to be between I and 2 pm by x-ray reflectometry analysis [211, and thus it is 
assumed that the entire XAS signal seen in Fig. 4.15 arises from the film, and not from 
the Ge substrate. As a result, in comparison with the other data in Fig. 4.15 and in 
accordance with the other spectroscopy data from this sample [211 we interpret the 
XANES of Type 11-SG as due to a nanoporous Ge layer surface-coated with 0. In other 
139 
words, the feature seen at - 11113 eV is attributed to Ge-O surface bonds. Here, we note 
that as XAS is not a sensitive probe for some light elements (especially H), unlike IR 
absorption spectroscopy, therefore it cannot alone provide the exact composition in this 
sample. 
4.2.6 PL 
Figure 4.16 shows the visible PL spectrum typical of a Type I-SG sample [17], along 
with the spectrum of commercial c-Ge02 powder as Type I-SG films appear to have 
similar composition to Ge02. Peaks are at 534 and 537 nm (- 2.3 eV) with peak widths 
of 76 and 80 mn for Type I-SG and c-Ge02 respectively. In addition to the visible region, 
we have also tried to measure PL in the near IR region, up to the bandgap energy of bulk 
Ge (0.66 eV), using a liquid nitrogen cooled Ge detector. However, no PL signal was 





Figure 4.16 Typical room temperature PL from 1-1202: 1117-stain etched Ge (lower curve) and Ge02 crystal 
(upper curve). 
PL spectra of as-etched and air-annealed Type II-SG are given in Fig. 4.17. Although 
the shape and energy of the PL from these samples remained identical to each other (as 
well as to those of c-Ge02 and Type I-SG, Fig. 4.16), it was noted that the intensity of the 
PL from the air-annealed sample was at least one order greater (Fig. 4.17). On the other 
hand, the PL intensity quenched almost completely for H-annealed samples, though the 
recorded spectra were similar to the others. 
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Figure 4.17 Typical room temperature PL from HF: H3PO4: H202-stain etched Ge (Type 11-SG): before 
(lower curve) and after (upper curve) thermal annealing in air. 
4.2.7 Discussion 
Although the annealing temperature was kept relatively low, Raman spectra of 
Type II-SG samples suggested that strong modifications occur in the microstructure of 
the films upon annealing both in air and H. Air-annealing results in a total transformation 
of the film into Ge oxides; on annealing in H2 the size of the nanocrystals increases 
dramatically. The initial Type II-SG is thought to comprise of small nanocrystalline Ge 
cores (say <2-3 mn) with a rather disordered tissue and surrounding Ge oxides (probably 
on the order of several monolayers) as well as hydroxyls and Ge hydrides. 
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Hayashi et aL showed that the Raman spectra of isolated (free standing), spherical Ge 
nanocrystals with a disordered tissue, and having an interface with air, are amorphous- 
like for sizes <10 nin [24]. Fauchet and Campbell suggested that the boundary conditions 
of such nanocrystals are important in determining their Raman spectra and that the 
amorphous-like Raman components produced by the vibrations in the (disordered) shell 
are enhanced by two mechanisms [25]. First, the (calculated) vibrational amplitudes in 
the shell are larger than in the core [26]. Second, the electric field (generated by the laser 
irradiation) is much larger in the shell than in the core when the nanocrystals are isolated 
and have boundaries with a material that has a very different refractive index (n). A 
10 times higher Raman intensity is expected from a shell of thickness - 0.8 nm that 
surrounds a core of diameter 10 nin [27]. Therefore, we also consider it plausible that the 
contribution from the crystalline phase in the as-etched Type II-SG film is masked by the 
signal from the shell. 
We suggest that the surface tissue (shell) of the nanocrystalline cores crystallise, and 
further, more elemental Ge (i. e. Ge-Ge bonded material) is reduced from the germanium 
oxides during the H-annealing. Let us assume that the shape of nanoparticles is wire-like; 
then for example generation of a2 mn-thick c-Ge layer on both sides of a nanowire 
would bring about a total increase of 4 nrn in its diameter (i. e. in size). In contrast, in the 
case of air-annealing the reverse of this reaction takes place, i. e. oxidation, where 0 
atoms replace Ge atoms in the Ge-Ge bonded cores, increasing the oxide thickness. 
Finally, the whole of the film (or the volume fraction probed by Raman) turns into 
germanium oxides. 
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EDX, FTIR and XANES analysis indicated that Type I-SG is composed of mainly Ge 
and 0. Although these samples showed visible PL which peaked at 2.3 eV, similar to that 
of c-Ge02, they were found to be free from any Ge nanocrystals (concluded from the 
Raman spectra). In contrast, Type II-SG samples were characterised as nanocrystalline 
with an average size of <2-3 mn, as prepared, and 8-9 run after additional annealing in 
hydrogen, and they also showed weak visible PL located at 2.3 eV when excited at the 
same wavelength (442 nm). Moreover, the lineshape of the PL was also quite similar to 
those of c-Ge02 and Type I-SG. Further, when Type II-SG samples were annealed in air 
the PL intensity increased by an order of magnitude despite the depletion of Ge 
nanoparticles, and when annealed in H2 it almost quenched, even though the peak 
wavelength did not change. All these suggest that the PL observed from these materials 
have a common chemical origin, rather than QC, i. e. the PL originates from GeO,, s 
(O<x: 52). 
The energy dependence of visible luminescence from Ge nanocrystals has not 
previously been reported. Ge nanocrystals with visible luminescence was first observed 
in samples prepared by the co-sputtering method [28][29]. XPS and FTIR spectroscopy 
of samples prepared by RF magnetron sputtering of Ge chips on Si02 indicated that 
a-Ge02 and a-GeO were formed at the surface of the Ge nanocrystals [30]. Room 
temperature PL from the Si02 films containing Ge nanocrystals showed a broad band 
around 2.2 eV and 2.3 eV regardless of the Ge nanocrystal sizes (e. g. [29]). In addition to 
the nanocrystal size independence visible luminescence appears also to be independent of 
fabrication method when Ge and 0 atoms are present (e. g. [28,29,31-36]). These samples 
are mostly reported to exhibit strong visible PL at 2.1-2.3 eV independent of the size of 
Ge nanocrystals (2-50 nm) and preparation conditions (also see Chapter 2). 
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The observation concerning the PL peak position is quite similar for chemically-ctched 
Ge samples reported to date [17][37]. Miyazaki et aL reported weak PL in the NIR region 
from their H-terminated nanocrystalline Ge sample which easily quenched even after 
only I min. of thermal oxidation with a new, strong PL band located at 2.2 eV appearing 
[37]. The above observations give little support to attributing the visible luminescence to 
QC effects. Our results presented here add weight to the proposal that the origin of the 
2.1-2.3 eV visible luminescence is from Ge-O defects [ 17] [3 8]. 
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4.3 Ge NANOCRYSTALS INSiO2 
4.3.1 SIMS 
The Ge SIMS profile in Fig. 4.18 shows the re-distribution of Ge ions, implanted at a 
dose of 7x1 015 CM-2 in a 200 mn Si02 film, on annealing at 1050 OC. Although, initially, 
the distribution profile of the implanted ions could be described by a simple Gaussian, 
solid state diffusion of the ions due to high temperature annealing smears this profile. 
After annealing a fraction of the Ge atoms seem to be diffused out of the oxide (to the 
vacuum), while most of the atoms remain in the oxide. Furthermore, a fraction of Ge 
atoms are observed to segregate onto the Si substrate. By calculating the area under each 
curve in Fig. 4.18 it is possible to work out the density (percentage) of Ge atoms falling 
in each of such categories. Our calculations give 7.27x 1022 for the total number of ions 
implanted into the oxide and TOW 021 and 4.09x 1 022 , respectively, as the number of Ge 
atoms segregated onto the Si surface and remaining in the oxide after annealing. Thus, 
the percentage number density of Ge atoms remaining in the oxide, diffused out of the 
oxide and segregated onto the Si substrate will be 56.26±1%, 34.10±1% and 9.64±1%, 
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Figure 4.18 Ge SIMS proffle before (dashed) and after (line) annealing for a 200 nm-thick SiO2 film grown 
on a c-Si substrate and implanted with 7xlO15 cm -2 Ge+ at 100 keV. Compared to the initial density of ions 
implanted into the film the calculated fractions of Ge atoms remaining in the oxide, diffused out of the 
oxide, and segregated onto the Si substrate after annealing are 56.26±1%, 34.10±1% and 9.64±1%, 
respectively. 
4.3.2 TEM 
TEM analysis of the films implanted with a dose of 7xl015 ions CM-2 did not show 
formation of any Ge nanoparticles, even though the annealing temperature (T. ) was as 
high as 1050 'C. This suggests that the Ge atoms that remained in the film after annealing 
(see the SIMS profile in Fig. 4.18) are either in the form of germanium oxides or 
dissolved in the Si02 film- On the other hand, formation of Ge nanocrystals was clearly 
observed for the annealed films Of Si02 implanted with the highest dose Of IXIO17 CM-2, 
whereas TEM images of the as-implanted films showed no Ge nanoclusters. Figure 4.19 
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provides the TEM images for a sample annealed at 800 T Im t,, -- 60 min. Ge 
nanoparticles are dispersed U111fori-rily in the oxide as a band that is approximately 
60-70 nm wide (Fig. 4.19. a). It appears that the largest precipitates are located near the 
peak position of the concentration profile, and the smallest in the tails of' the band. In 
addition, the size distribution of the nanocrystals is wide (Fig. 4.19. b); there are particles 
from 1-2 nm to 8-9 nm. It is also noted that these nanocrystals are randonfly orientc(l. 
Besides, it is also predicted from the SIMS profile in Fig,. 4.18 that a thin Ge-rich layer 
might also have formed near the SiO-, -Si SUbstrate Interface in this sample. We will 
discuss this later with the Raman results. 
Air 
Figure 4.19 TFM images of a it I ni imp I ail ted with Ix 10" cm-2 Oc' and antica I ed at 800 "C tloi 00 min 
showing (a) the distribution ofthe Ge nanocrystals (the band denoted as %%ithin the oxide and (b) 
the size and crystallinity of the spherical rianocrystals dispersed in ail amorphous manix. 
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4.3.3 Raman 
Raman spectra of the samples implanted with Ge+ of dose 7x 10 15 CM-2 did not provide 
any strong evidence which indicate the formation of nanoparticles. However, a very weak 
Raman signal was seen near the c-Ge peak position (300 cm-1) both for as-implanted and 
annealed films. Measurements were repeated afler removing the oxide layers by wet 
etching, but a similar peak with a comparable intensity was still observable at - 300 cm-1. 
It is expected that the weak, two-phonon peak coming from the c-Si substrate [39] will 
occur exactly at the same location as the c-Ge peak. Furthermore, it was observed by the 
Ge SIMS profile in Fig. 4.18 that a thin Ge-rich layer was fornied at the Si-Si02 interface 
after annealing for this sample. Although TEM analysis did not show any Ge nanoparticle 
formation, we cannot still rule out the possibility that a few Ge nanocrystals might have 
formed in this film. To summarize, the Raman results for the 7xlO'5 CM-2 Ge+-implanted 
films were inconclusive as to whether the origin of the signal was due to a scattering from 
Ge nanoparticles or a thin Ge-rich layer or c-Si substrate or a combination of two or 
three. 
Figure 4.20 shows the Raman spectra of the films implanted with lXl017 CM-2 Ge'. The 
annealed film in this figure is similar to the one for which the TEM image was given in 
Fig. 4.19, except the T. was 100 T higher and the t, was 15 min shorter in this case. The 
Raman spectrum of the as-implanted film (Fig. 4.20. a) is similar to that of a-Ge [20][40]. 
In the case of disordered semiconductors, such as amorphous and nanocrystalline, the 
q=0 selection rule that determines the Raman spectra of the bulk crystal is either fully or 
partially violated (relaxed) so that phonons other than the zone-centred phonons can also 
be observed in their Raman spectra. On the other hand, the spectrum of the annealed film 
exhibits a sharp peak near 300 cm-1 indicating the crystallisation of Ge in the film. The 
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width and spectral shape of this peak are different from those of bulk Ge but similar to 
those of nanocrystalline Ge [41]. In these measurements, the zone-centred Ge optical 
phonons peaked at 303.3 cm-1 with a FWHM of 5.8 cm" in the spectrum of bulk Ge 
(Fig. 4.20. c); whereas the peak in the spectrum of nanocrystalline Ge (Fig. 4.20. b) is 
downshifted to 301.5 cm-1 and asymmetrically broadened towards the lower frequency 
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Figure 4.20 Raman spectra for a IXIO17 CM-2 Ge'-implanted Si02 film (a) before and (b) after annealing 
(T. = 900 "C) and (c) bulk Ge. 
We also note that silicon, which was used as the substrate material in this study, also 
possesses a peak near 300 cm" and two weaker features at 229 and 435 cm" (besides the 
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main peak at 520 cm-1) in its Raman spectrum. Kolobov et al. argued that most studies on 
the Raman scattering from Ge nanostructures grown on Si substrates have actually 
reached incorrect conclusions by totally ignoring this point and attributed this peak to the 
formation of Ge nanocrystals [42]. In Fig. 4.21, the contribution of the scattering from the 
Si substrate to our Raman spectrum (Fig. 4.20. b) has been eliminated by subtracting the 
normalised Raman spectrum of c-Si (curve 2) from that of nanocrystalline Ge (curve I). 
As can be seen from the difference of the two spectra (curve 3), the contribution of the 
scattering from the Si substrate is almost negligible in the Raman spectra of our samples. 
We also acquired Raman spectra from the substrate after removing the Si02 film by wet 
etching (in a 20% diluted HF) in order check whether a thin Ge rich-layer had been 
grown at the Si-Si02 interface and contributed to the Raman signal in Fig. 4.20. b. 
However, no traces of Ge were found on the Si surface (instead we determined that a-C 
was formed on the Si substrate (see below), which is probably caused by one of the 
diffusion pumps in the ion-implanter system). These show that formation of the Ge 
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Figure 4.21 Raman spectra for a Si02 film implanted with IXIO17 CM-2 Ge' and annealed at 900 T 
(curve 1) and bulk Si (curve 2) and their difference (curve 3). 
4.3.3. a Raman Modelling 
For semiconductor nanocrystals, spatial confinement of phonons in a finite volume 
(on the order of a few hundred angstroms [25]) is expected to partially relax the 
wavevector selection rules and hence cause modifications in the bulk Raman peak- such 
as peak-frequency shifting, peak broadening, and increase in peak asymmetry. These 
effects are observable in our case. To calculate the mean Ge crystallite size in our ion- 
implanted films we adopted the phonon confinement model developed for Si 
nanocrystals by Campbell and Fauchet [10] (see Chapter 3) using the phonon dispersion 
relation given in [22] for Ge. In our model we assume spherical crystals. This has been 
confirmed by TEM (Fig. 4.19). Using the experimental bulk value 5.8 cm"' as the 
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natural linewidth and ar,, = 0.565 nm for diamond structure as the Ge lattice constant, 
the calculated peak frequency and linewidth as a function of crystallite size (d ... ) are 
plotted in Fig. 4.22. For Ge nanocrystals, it can be seen from both curves that significant 
changes to the Raman spectra must become observable below a critical diameter of 
about 20 rim. Therefore, it is expected for stress-free Ge nanocrystals that as d,,,,, 
decreases the peak frequency should shift to lower frequency (i. e. redshift), while the 
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Figure 4.22 Calculated linewidth (FWHM) and peak frequency as a fiinction of average crystal size (d,, ) 
for spherical Ge particles. 
For the background-subtracted optical phonon peak in Fig. 4.21 (curve 3) a lineshape 
fit is made in Fig. 4.23, using the calculated spectrum for d.,, = 7.5 run. The linewidth 
of 9.9 cm-' for the calculated spectrum is large compared to the bulk value 5.8 cm". It 
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can be seen that the agreement of the lineshapes around the peak is fairly good. 
However, there exists an extra intensity below 290 cm-1 for the experimental spectrum. 
This difference is attributed to the contribution of a fraction of very small Ge 
nanocrystals in the film. This point deserves further investigation. Moreover, for the 
respective crystal size the peak frequency is expected to redshift by 2.7 cm-1 from the 
corresponding value for bulk (300.0 cm-1). This shift is about 1.8 cm-1 in the case of 
experimental spectra. Although the experimental resolution was I cm-1, the small 
difference in the expected value of the redshift can be, alternatively, due to a 
compressive stress on the nanocrystals; compressive stress is well known to cause the 
Raman spectrum to blueshift (e. g. [43]). Fujii et aL prepared Ge nanocrystals embedded 
in Si02 matrices by annealing co-sputtered Ge-Si02 films and studied the size 
dependence of their Raman spectra [41]. They reported that, despite the fact that the 
linewidth broadens as the average crystal size decreases (from 15 to 6.1 run) in good 
agreement with the expectations (i. e. with their phonon confinement model), the peak 
frequency did not shift appreciably (even a small blueshift was observed for the smaller 
sizes). They attributed the latter effect to a compressive stress exerted on the Ge 
nanocrystals by the surrounding Si02 medium. Since the nearest-neighbor distances are 
0.24 run and 0.16 nin for Ge and Si02, respectively, it is considered that the lattice 
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Figure 4.23 Experimental background-subtracted Raman spectrum (curve 3, Fig. 4.21) of Ge nanocrystals 
compared to theoretical Raman spectrum calculated for d,, = 7.5 nm using a phonon confinement model. 
Figure 4.24 gives the Raman spectra of the films implanted with 3xl 0 16 CM-2 Ge+ 
before and after annealing (for T. = 700,900,1050 OC). The spectrum of the as-implanted 
film is similar to that in Fig. 4.20. a and shows that the Ge in the film is in an amorphous 
phase. The Raman spectra for all of the annealed films, on the other hand, are 
characterised by a peak near the optical phonon mode of c-Ge, i. e. - 300 cm", indicating 
the crystallisation of Ge and formation of nanoparticles. The presence of higher intensity 
shoulders on both sides of this peak are attributed to the amorphous phase or to very 
small Ge nanoclusters. By fitting of the Ge peak around 300 cm" with calculated Raman 
spectra appropriate to their lineshapes, we estimate the d,,,, as 4.5±1,5.0±1 and 5.6±1 run 
in the films annealed at 700,900 and 1050 T, respectively. The FWIlM of the calculated 
spectra are 18.5,15.9 and 13.7 cm-1, respectively. It is not surprising that the d.,,, 
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increases with the T, Moreover, it is also clear from Fig. 4.24 that the peak frequency of 
experimental spectra do not show any appreciable systematic redshift, whereas it is 
I expected that the peak should redshift by 5.7,4.9 and 4.1 cm' , respectively, from 
300 cm-1. In fact, as the dýve (or T, ) decreases the peak slowly blueshifts: the peak 
frequency is 302.9,303.6, and 304.4 cm"' for the films with T. = 1050,900, and 700 T, 
respectively (the measured bulk value is 303.3 cm-1). This observation is in line with the 
report of Fujii et al. [41], adding more weight to the proposal that a compressive stress is 
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Figure 4.24 Raman spectra for the films implanted with 3xl 016 CM-2 Ge+. The spectrum of the as-implanted 
film is amorphous Ge-like. The crystalline Ge peaks in the spectrum of annealed films are fitted using a 
phonon confinement model considering spherical nanocrystals and the calculated average crystal sizes are 
indicated near the theoretical curves. 
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4.3.4 PL 
We observed visible PL emission from all of the samples, (non-annealed (as-implantcd) 
or annealed, nanocrystalline or not), peaking between the green-yellow and having a 
shoulder towards red wavelengths, but only when excited using a high laser power 
(- I W). Fig. 4.25 shows a typical PL spectrum for a 7x1 015 CM-2 Ge+-implanted film 
before and after annealing. It is apparent that the energy, intensity and lineshape of these 
spectra are very similar to each other. Thus, this might suggest that the origin of both 
spectra must be the same. Since no strong evidence was found (by TEM or Raman 
analysis) for the presence of any Ge nanostructures in these films one cannot relate this 
luminescence to Ge nanocrystals. Instead, we can attribute it to some kind of defects in 
the oxide, generated by the ion-implantation, that might act as recombination centres. 
These alone suggest that there is no necessity for the presence of Ge nanocrystals to 
observe visible PL emission similar to those in Fig. 2.25. However, it is expected that a 
high temperature annealing at 1050 OC must reduce the amount of such defects in the 
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Figure 4.25 Visible PL spectra for a 7xlO'5 cm-2 Ge'-implanted 200 mn thick SiO2 film before and after 
annealing. (The spectra were excited with a 488 run Ae laser operating at I W. ) 
We also note that a sharp PL band in the IR (at - 0.8 eV) was recordable at 100 K (not 
shown) from the annealed 7x 1015 CM-2 Ge+-implanted films with only 100 nm thick oxide. 
Combined with the Ge SIMS profile analysis, this PL is considered to originate from the 
Ge-rich (Gel-, Si., ) layer fonned at the Si-Si02 interface, having a bandgap very close to 
that of bulk Ge. 
Different from the observation in Fig. 4.25, the Pl, behaviour of the other films 
implanted with higher doses and containing Ge nanocrystals indicated that formation of 
nanocrystals cause an appreciable increasing of the PL intensity without changing the 
spectral shape very much. To show this we removed the oxide films from a series of 
nanocrystalline samples and monitored the evolution of the PL spectra (along with the 
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Raman spectra). Given in Fig. 4.26 are the 514.5 run (2.408 eV)-excited micro-PL (and 
Raman) spectra for the IXIO17 CM-2 Ge+-implanted samples before and after annealing 
(curves I and 2) and after removal of the oxide layers (curves 1-b and 2-b). Also given in 
the same figure is the spectrum of a non-treated Si02 film grown on Si (same oxide 
thickness). Since these spectra were excited with a slightly lower excitation energy than 
the spectra in Fig. 4.25 (by 0.29 eV), the PL energy is shifted to -2 eV in this case (with 
higher energy excitation the PL band peaks at 2.25 eV for these samples, not shown). It is 
clear that the PL is greatest from the sample containing Ge nanocrystals (curve 2). The 
Si02 film on Si does not luminesce on its own (curve 3). As noted earlier, for the series of 
IXIO17 CM-2 Ge+-implanted samples, an a-C film was grown on the Si substrate during 
ion-implantation. It can be seen from Fig. 4.26 that there is a broad Raman band at 
- 1500 cm-1 in curve I and 1-b associated with the a-C. Besides it has several other 
weaker (Raman or PL) features in the same region where the PL is observed from these 
samples (see the Fig. 4.26. inset). The as-implanted film show a weak PL emission 
located near 2.0 eV with the a-C related features superimposed on it (curve 1). These 
features sharpen somewhat and the single broad a-C band splits into its graphite (G) and 
diamond-like (D) bands at 1350 and 1610 cm"' [44], respectively, following the annealing 
(see curve 2-b), but they do not cause an increase in the PL emission (compare curve 2 
and 2-b). Therefore, the strong PL emission from the nanocrystalline sample can be 
assigned to the presence of Ge nanocrystals. Such an intensity increase for the 2.2-2.3 eV 
PL was earlier reported by Maeda et al. after annealing of their Ge-Si02 co-sputtered 
films (formation of Ge nanocrystals was observed by high-resolution TEM images) [35]. 
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Figure 4.26 Micro-PL and Raman spectra for 1- as-implanted (IXI017 CM-2 Ge) 200 nm Si02 film on Si, 
1-b- as-implantcd and oxide removed, 2- annealed (T. = 900 T, t. = 45 min), 2-b- annealed and oxide 
removed, 3- a 200 nm Si02 film on Si. Inset gives the detail of the a-C related features in the spectrum of 
I -b. 
As a result, we cannot totally rule out the possibility that Ge nanocrystals might 
themselves emit (or take a role) in the visible luminescence occurring in the region 
2.0-2.3 eV. Calculations indicated that the PL energy would shift from 2.6 to 1.2 eV as 
the Ge nanocrystal size increases from 4 to 8 nm [45]. It is considered that recombination 
of photo-excited carriers in small Ge nanocrystals can take place on the surface of 
nanocrystals where luminescent defect-centres were probably formed. More data are 
needed to elucidate the mechanism(s) of the PL from our samples. 
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4.4 SPARK PROCESSED Ge 
4.4.1 SEM 
Figure 4.27 depicts a series of cross-sectional SEM images of sp-Ge. The film thickness 
is expected to be from a few to a couple of hundred of microns for spark processed 
materials. As seen from Fig. 4.27. a the thickness of the film is not uniform. The thickness 
of the sp-Ge film is nearly comparable to that of the c-Ge wafer used for sparking, 
reaching - 450 gm at near its maximum point (i. e. near the middle of the Figure), and the 
diameter of the circular film is about 2 mm. Moreover, the sp-Ge film is not flat either 
near the surface (notice the upward curvature) or near the bottom of the film where it is 
separated from the untreated substrate. The film, as being circular-shaped near the bottom, 
resembles a small portion of a sphere. 
The sp-Ge microstructure, represents a rough character. There are large voids 
(discontinuities) running across the film, leaving very large columnar structures in 
between. Furthermore, there are plenty of spherical cavities of various sizes embedded in 
the film (Fig. 4.27. b). It is also noticeable that there are small, ball-shaped micro-granules 
in-between and on the surface of the large features of the film. Fig. 4.27. c and d show the 
detail of such micro-granules near the (sp-Ge)-(c-Ge) interface. The size of these particles 
ranges between a few tens of nanometers to a few hundred nanometers. 
Although it is not easy to suggest how all these rough features in sp-Ge film are 
produced, it can be conjectured from location of the particles seen in Fig. 4.27. c and d 
(near the untreated substrate) that such small particles are produced at the initial stage of 
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the spark process. These then grow up to become larger particles or large colt. 111111ar 
structures of the film repeating the coalescence. Observation of similarly shaped larger 
particles between and at the surface of the film further supports this sLiggestion. Cavities, 
on the other hand, might be produced during coalescence of tile particles dLic to the 







Figure 4.27 A sei-ies of aoss-sectional SEM microgi-aphs of'sp-(; e. 
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Lastly, it was noted during SEM measurements that the sp-Ge film was not so stable 
against highly energetic beams (comparable or to higher than 5 W). Such beams were 
observed to cause modifications of the film by distorting its microstructure. This suggests 
that the sp-Ge film is not composed of purely Ge-Ge bonded material, which is stable to 
such beams, but also of other form(s) of material(s) of different chemistry. 
4.4.2 PL 
Visible PL spectra of the sp-Ge samples were obtained using the 325 nm line of a 
He-Cd laser, prior to the micro-PL and Raman measurements. According to the PL data in 
Fig. 4.28 from 3 sp-Ge samples prepared under equivalent conditions, the PL of sp-Ge can 
be viewed as a combination of a blue band peaking near 420 nm (3 eV) and a yellowish- 
green band at - 530 nm ± 20 run (2.2-2.4 eV) with a shoulder in the orange-red (around 
1.9 eV). These values are in good agreement with those reported for sp-Ge prepared under 
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Figure 4.28 Room temperature PL spectra of sp-Ge (3) prepared by sparking undoped c-Ge for 20 min in 
stagnant air. Samples are marked as GI, G2 and G3. 
4.4.3 Micro - Raman & PL 
Fig. 4.29 illustrates the Raman spectra of c-Ge and c-Ge02- In these measurements, the 
zone-centred optic phonons peaked at 300.9 cm-1 with a full width at half maximum 
(FVMM) of 4.6 cm-1 in the spectrum of c-Ge. The Ge02 spectrum is characterised by 
several peaks at 122,165,211,246,262,327,442,515,583,592,858,881,960, and 
972 cm-1; however, due to the lack of Ge-Ge bonding there is no appearance of a Ge peak 
at - 300 cm-1, as can be expected. 
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Figure 4.29 Raman spectra of (a) bulk Ge and (b) commercial crystalline GeO2 powder. One-phonon 
spectrum of bulk Ge is characterised with a peak at 300.9 cm-1; whereas no Ge peak, but several other peaks 
due to Ge-O vibrations (given in the text), are observable in the spectrum of GeO2. 
Figure 4.30 shows a micro-PL and Raman spectrum taken from sp-Ge sample GI using 
a 514.5 nm (2.41 eV)-excitation source. Two PL bands are clearly observable near 1.9 eV 
and 1.7 eV; these energies correspond to the energy range of the orange PL band (seen as 
a shoulder to the yellow-green band) in Fig. 4.28 where the spectra were excited at 
325 run (3.81 eV). Moreover, there is possibly a third band around the Raman features 
peaking near 2.2-2.3 eV, corresponding to the yellow-green band in Fig. 4.28, with an 
attenuated intensity. 
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Figure 4.30 Room temperature micro-Raman & PL spectrum of sp-Ge (G 1). 
Figure 4.31 gives the detail of the Raman spectrum in Fig. 4.30 and compares it to that 
of Ge02 crystal. According to these spectra it can be suggested that the sp-Ge film 
consists of Ge-Ge bonded material (elemental Ge) and Ge-0 bonded material (GeO,, s). 
The Ge peak in sp-Ge spectrum is situated at 299.7 cm'I and has a FWHM of 6.0 cm'[, 
that is it is 1.2 cm-1 redshifted and 1.4 cm-1 broadened compared to the bulk Ge peak. 
Formation of Ge nanocrystals, around 12-13 nrn in size, by spark treatment might be 
responsible for these differences. On the other hand, though somewhat less resolved most 
of the Raman-active lines of c-Ge02 are also realised for the sp-Ge sample (GI). For 
example, the broad band at - 965 cm-1 in GI spectrum seems to correspond to a 
combination of the two sharp peaks at 960 cm" and 972 cm" in GeO2 spectrum. Another 
difference between the two spectra is the existence of an extra feature at - 760 cm*1 in the 
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Figure 4.31 Normalised room-temperature Raman spectra of (a) c-Ge02 and (b) sp-Ge sample GI. Ge-Ge 
bonding character seen in G I, different from that of Ge02, is indicated. 
Figure 4.32 compares two micro-PL and Raman spectra obtained at two different spots 
on a single sp-Ge film (sample G2). Both PL spectra are similar to that in Fig. 4.30 taken 
from sample GI, however, there is a clearly pronounced extra feature near - 3000 cm-1 
superimposed on the 1.9 eV PL band for the present spectra. The origin of this feature will 
be discussed later. 
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Figure 4.32 Comparison of two micro-Raman and PL spectra taken from different spots on the same sp-Ge 
film (G2). 
Figure 4.33 gives detail of the Raman spectra in Fig. 4.32. Different from that of the 
spectrum in Fig. 4.31 taken from sample GI, the present spectra clearly indicates the 
presence of a-C in the film, probably as a contaminant (considering that the sparking was 
performed in stagnant air); peaks seen at around 1400 cm" and 1600 cm" in both curves I 
and 2 are assigned to the graphite (G) and diamond-like (D) peaks bands of a-C 
[44][48,49]. Beside, Lockwood et al. interpreted a Raman band near 3000 cm" as second- 
order scattering from a-C in their a-C containing samples [49]. It can also be seen in 
Fig. 4.33 that there are certain differences between the Ge-O lines of the two spectra. 
Whereas curve I represents most of the characteristic Ge-O lines, most of these fine 
details are lost in curve 2. For example, in curve 2, the main line peculiar to the crystalline 
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Ge02 structure at around 440 cm-1 appears to soften and lose its sharpness. This is 
probably, also in comparison to curve 1, due to an increased disorder in the present Ge02 
signature. On the other hand, in curve 2, a new, sharp peak grows at 813 cm'I on a 
background hump between - 750 and - 1000 cm-1 that is also observed in the other 
Raman spectra. This new line and the broad hump are absent in the Raman spectrum of 
c-Ge02 (see Fig. 4.29 or Fig. 4.3 1), but they are near to the position of the main IR-active 
band of Ge02 (see the inset to Fig. 4.33). Therefore, we suggest that a relaxation in the 
selection rules for the Raman and IR spectra [50] results in the observation of these 
disorder-induced features in the Raman spectrum. It is also possible to assume that a 
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Figure 4.33 Two representative micro-Raman spectra from sample G2 (detail of Fig. 4.32). The dotted line 
at 300 cm-' is drawn to emphasise that there is no Ge peak in curve 1, but in curve 2. The inset gives the IR 
absorption spectrum of c-Ge02- 
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We also note that there is a striking difference between the two spectra in Fig. 4.33 as 
there is no contribution from crystalline Ge (either nanometer-sized or bulk) in curve 1, 
but there is in curve 2, though the simultaneously-obtained PL spectra were very similar 
for the same spots of the film (see Fig. 4.32). On the other hand, the crystalline Ge peak in 
curve 2 occurs at 300.0 cm-1 with a FWHM of 4.7 cm-1, i. e. only 0.9 cm-1 downshifted and 
0.1 cm-1 broadened in comparison to the bulk Ge peak. This might correspond to a crystal 
size comparable to 20 nm or simply to bulk Ge. 
Micro-PL spectra observed from sp-Ge sample G3 (not shown) were similar to those 
from the other samples. However, in one particular Raman spectrum taken from the film 
of sample G3 (Fig. 4.34) it was noticeable that the Ge peak was remarkably different from 
the others observed in this study since it resembled those of relatively small (<10 run) Ge 
nanocrystals [41]. The intensity of the crystalline Ge peak is, however, relatively small 
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Figure 4.34 A micro-Raman spectrum from sample G3 between 180-350 ctif 1. Relative intensity of the Ge 
peak is comparable to those of the (weak) Ge02 lines. 
In Fig. 4.35 the crystalline Ge peak in Fig. 4.34 is compared to the normalised, bulk Ge 
peak after background subtraction. The sp-Ge peak is at 297.6 cm-1 and has a width of 
7.6 cm-1, which corresponds to a downshift of 3.3 cm-1 and a broadening of 3.0 cm-1 
compared to those of the bulk (300.9 and 4.6 cm-1, respectively). An average nanocrystal 
size of 6-7 mn can be predicted when the peak frequency downshifting and peak linewidth 
broadening effects are taken into consideration. Also given in the same figure is a 
calculated spectrum for a crystal size of 6.6 nrn. The quality of the illustrative fitting 
between this curve and the sp-Ge curve is, however, not quite satisfactory. The 
experimental curve does not represent as much asymmetry in its lineshape as that of the 
calculated one. Instead, its lineshape resembles a Gaussian curve. Therefore, effects 
(or perhaps mechanisms) other than the relaxation of wavcvector-selection rules must be 
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Figure 4.35 1- Background-subtracted Raman spectrum of sp-Ge (W), 2- Normalised spectrum of bulk Ge, 
3- a calculated spectrum for a crystal size of 6.6 run using a phonon confinement model considering a 
spherical shape. The calculated spectrum is shifted by 0.6 cm" to higher frequency to provide a better visual 
fit to the sp-Ge curve. 
4.4.4 Discussion 
We will first discuss the micro-structure of the films. As can be seen from most of the 
Raman spectra (e. g. Fig. 4.33, Fig. 4.34), the intensity of the crystalline Ge signal was 
small compared to that of the Ge02 signal. For example, in Fig. 4.34, even the intensity of 
the weak Ge-O Raman lines between 200-300 cm-1 is comparable to that of the c-Ge peak. 
In addition to this, it was observed in a few cases that there was even no Ge signal 
discernible at all in the Raman spectra (e. g. Fig. 4.33, curve 1). Based on the XPS data 
from sp-Ge samples S. S. Chang et al. [47] suggested that the Ge nanocrystals might be 
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embedded into Ge02 layers. The present Raman and SEM results can also be explained 
using this model. For instance, the Raman signal due to elemental Ge regions might well 
be attenuated if they are surrounded by thick GeOx layers. Further it is also possible to 
think that only a minor volume fraction of the material probed by the laser might consist 
of elemental Ge (in the form of small nanocrystals or 'microcrystals'). The instability of 
the sp-Ge layers to energetic electron beams during SEM measurements must be due to 
the low stability of the (thick) GeO,, s. 
Therefore the present experiments suggest that the sp-Ge films are composed of 
crystalline Ge and GeO., s. Further, it seems possible that Ge nanocrystals, as small as 
6-7 nm in diameter, can be formed by spark treatment of c-Gc wafers. If there are Ge 
nanocrystals present in these films they are expected to be buried into thick GeO,, layers. 
The (local) Raman signal coming from the GeO. layers, on the other hand, showed large 
variations between samples (compare Fig. 4.31 to Fig. 4.33) and even across a single film 
(compare curve I to curve 2 in Fig. 4.33), suggesting the existence of different structural 
configurations in these films. Therefore, it can be argued that the micro-structural 
uniformity of sp-Ge is 'poor. 
Now we discuss the luminescent properties of sp-Ge. Micro-PL measurements in the 
orange PL band of sp-Ge indicated (different from those in [46][47]) that this band 
actually consists of a finer structure, showing two clearly distinguished peaks at around 
1.9 eV and 1.7 eV. Moreover, our simultaneously taken micro-Raman and Pl, spectra 
demonstrated unambiguously that there is, however, no need for Ge-Ge bonded material 
to realise PL from sp-Ge in this region, hence suggesting that the observed PL must be 
associated with Ge-O bonded material only. However, it is desirable to know the types of 
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the defects present in these oxide layers to elaborate the nature of the two PL bands at 
1.9 eV and 1.7 eV. 
Nevertheless, similar micro-PL and Raman measurements for the other two PL bands 
of sp-Ge (i. e. blue and yellow-green) using different excitation energies (> 2.41 eV) 
would probably be very helpful to determine the exact (simple) chemistry and physics 
responsible for the PL emission. 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 
5.1 POROUS Sil-,, Ge. 
5.1.1 Conclusion 
We characterised the microstructure of porous Sil-,, Ge,, films using Raman spectroscopy 
and HRSEM. Porous samples were prepared from undoped SiO. 87Geo. 13 films With 
different etch times, but at the same current density. It is found that as the film porosity 
increases the sizes of Sil-. Ge. nanocrystals decrease, and also the film composition 
slightly modifies in favor of Ge. We have shown for the first time the confinement of 
phonons in SiGe nanocrystals and estimated quantitatively their sizes along with the 
compositional variations, whilst taking into consideration the parameters of the sample 
preparation. 
5.1.2 Future Work 
It is seen by this study that Raman spectroscopy is, as it has always been for bulk 
Sil-,, Gc,, alloys, a very useful technique for characterising the structure of porous Sil-. Ge,, 
films. However, we believe that the results presented here are preliminary. The average 
crystal sizes studied were relatively large (between 10-20 nm) and they cannot be taken as 
responsible for the observation of a visible PL. Much smaller SiGe nanocrystals that could 
be obtained from highly doped substrates would also show more interesting Raman 
spectra. Besides, as the initial Ge content of the alloys used for anodisation was very low 
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(<15%) the estimated compositional variations in the porous films were not so significant. 
Therefore, it would be particularly interesting to study the structure of a wider range of 
porous SiGe samples by Raman spectroscopy, as a ftinction of starting substrate 
composition and nanocrystal size, in order to establish a general relation between the 
optical properties of porous SiGe [1][2] and the size and/or composition of the SiGe 
nanocrystals present. 
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5.2 STAIN ETCHED Ge 
5.2.1 Conclusion 
The PL at - 2.2-2.3 eV from Ge-based nanocrystalline materials is described in the 
literature usually as nanocrystal size-independent. We observed visible luminescence 
from c-Ge02 and two different types of chemically-etched Ge - one being 
nanocrystalline, the other not - near - 2.3 eV. Energy dispersive x-ray analysis (EDX), 
Raman and FTIR spectroscopy, and the near edge x-ray absorption structure (XANES), 
indicated that the Ge layers chemically-etched in H202: HF solution [3] are composed of 
GeO,, s (O<x: s, 2) and free from any Ge nanoconstructions. It is also suggested from Raman 
spectra, XANES and FTIR analysis that the stain-ctched Gc prepared in HF: H3PO4: H202 
solution [4] was nanocrystalline, comprising 8-9 mn nanocrystals of Ge, and its surface 
was covered mainly with 0, as well as H and OH. Photoluminescence occurrcd at 
- 2.3 eV in the visible when excited by higher energy photons for all samples. The Pl, 
behavior of the latter type of chemically-etched Ge through annealing in different 
chemical environments (air or H) made it not possible to attribute the visible PL to 
quantum confinement effects in Ge nanocrystals. Consequently, our results from 
chemically-etched Ge samples suggest that the origin of the 2.2-2.3 eV PL from these 
materials, as well as from those Ge-based nanocrystalline materials reported in the 
literature, is due to GeO,, s. 
In other words, by comparison with the other studies of Ge nanocrystals, we propose 
that regardless of the nature of the material, that is with or without Ge nanocrystals, there 
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will be an observable PL at 2.2-2.3 eV in the visible region of the electromagnetic 
spectrum where Ge and 0 atoms are nearest-neighbors. 
5.2.2 Future Work 
Any infonnation on the size dependence of the PL spectra is indispensable for further 
understanding of the quantum size effects of Ge nanocrystals. One way to achieve this 
would be the preparation of 'oxide-free' Ge nanocrystals (either stand-alone or in 
insulating matrices) and avoidance of the oxidation of the samples (preferably kept under 
high vacuum) during analysis. 
It is proposed that by varying the etching parameters (e. g. time, illumination) 
nanocrystalline Ge swnples with nanocrystals of different sizes (preferably <5 nin for the 
visible PL) and having good crystallinity can be prepared, for the 'first' time, using the 
novel HF: H3PO4: H202 solution for etching Ge wafers. Such a study, undoubtedly, would 
also help in understanding the etch mechanism of Ge with this solution. As the next step, 
bandgap and PL measurements can be carried out from near LJV, through visible and near 
IR, up to the c-Ge bandgap (0.67 eV) to comprehensively monitor and characterise the 
size dependence of the spectra. Moreover, nanocrystals of Ge can be preferably 
passivated by layers other than GeOxs to study the visible PL. In this way, the size 
dependence of the bandgap and PL of Ge nanocrystals prepared by chemical etching 
could be studied comprehensively. 
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5.3 Ge NANOCRYSTALS IN Si02 
5.3.1 Conclusion 
Growth of Ge nanocrystals by ion-implantation and subsequent annealing in thermal 
Si02 films has been studied using SIMS, TEM and Raman spectroscopy. TEM and 
Raman analysis showed that no Ge nanocrystals were formed in films implanted with the 
lowest doses of Ge ions studied (7xIO15 CM-2 ) and it was established by Ge SIMS profile 
analysis that non-negligible fractions Ge atoms either diffused out of the oxide or 
segregated onto the Si substrate surface during annealing for these samples. The rest of 
the Ge atoms remaining in the film were considered to be dissolved in the Si02 or have 
formed germanium oxides. On the other hand, especially in the films implanted with the 
highest doses (IX1017 CM-2), well-formed Ge nanocrystals were observed after annealing 
by TEM and Raman spectroscopy analysis. TEM images of these samples showed 
relatively broad distributions of nanocrystal sizes with the largest precipitates located 
near the peak position of the concentration profile, and the smallest in the tails of the 
band. The observation of such a broad size distribution was supported by the Raman 
results. Particle diameters in the other films implanted with a medium dose (3x 1016 CM-2) 
and annealed at various temperatures were estimated indirectly from modelling the 
Raman lineshapes (direct TEM measurements are not yet available for this series of 
samples). The dependence of the nanocrystal size on temperature was established by this 
way. However, we did not observe appreciable shifts in the Raman peak frequency as 
expected by the phonon confinement theory. The discrepancy was explained with a 
compressive stress exerted on the nanocrystals by the surrounding Si02 medium [5]. 
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A yellowish-green PL band with a shoulder in the red wavelengths was observed for all 
the samples (as-implanted or annealed, nanocrystalline or not). The PL emission was thus 
attributed to the luminescent defect-centres in the oxide. However, this alone could not 
explain the observation that the PL intensity was almost the same for as-implanted and 
high-temperature annealed films containing no (or a few) nanocrystals. On the other 
hand, it has been well-demonstrated by micro-PL analysis that the annealed films 
containing Ge nanocrystals show much stronger PL compared to their as-implanted or 
oxide-removed counterparts. Therefore, it is also plausible as an alternative mechanism 
that the Ge nanocrystals take a role in the visible PL emission where, for example, the 
photo-excited carriers in the small Ge nanocrystals might recombine via the localised 
surface defect states. 
5.3.2 Future Work 
It is possible that Ge nanocrystals grown in various other matrices, such as A1203 and 
Si3N4 (rather than Si02). can be used to study, for example, the effect of stress on the size 
dependence of the Raman peak frequency as well as the effect of different defect centres 
(that will be generated by ion-implantation in different matrices) on the PL propcrtics. 
For example, it was earlier demonstrated [6] that the growth of Ge nanocrystals in an 
A1203 film provides minimisation of stress effects and matrix perturbation on the peak- 
frequency of the Raman spectra. Moreover, the use of a matrix like Si3N4. would also 
enable one to study the photo-absorption and -emission processes in 'oxide-frce' Ge 
nanocrystals provided that enough measures are taken during preparation and 
characterisation of the samples. It is expected that the PL energy would shift from 2.6 to 
1.2 eV as the Ge nanocrystal size increases from 4 to 8 run [7]. Therefore, it would be, 
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again, worthwhile to monitor the PL also in the near infrared, especially from those 
samples containing large nanocrystals (> 5 mn). 
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5.4 SPARK PROCESSED Ge 
5.4.1 Conclusion 
Microstructure and luminescent properties of spark processed Ge (sp-Ge) films 
emitting PL in the visible were studied using SEM, micro-Raman and micro-PL 
spectroscopy. The PL of sp-Ge consist of three 'colors', blue, yellow-green and orange, 
when excited in the near UV. Cross-sectional SEM images revealed that the thickness of 
the films were almost comparable to that of the substrates used for sparking. Instability of 
these layers to energetic electron beams suggested that their chemistry is different from 
that of pure crystalline Ge (i. e. different from Ge-Ge bonded material). Local chemistry 
of the films was examined by micro-Raman spectra and it was found that the films are 
composed of mainly sub-stoichometric germanium oxides, i. e. GeO,, s, and elemental Ge 
(in the form of nano- or micro-crystals). It is suggested that the Ge crystals were 
embedded into thick germanium oxide layers, which showed substantial structural 
inhomogeneities in terms of local structural configuration and stoichometry, across a 
single film or between the similarly prepared samples. The micro-PL spectra, 
simultaneously taken with the micro-Raman spectra, in the orange Pl, band enabled us to 
determine unambiguously that this PL band does not involve any kind of Ge-Ge bonded 
material, i. e. Ge nanocrystals, but presumably Ge-O bonded material. Finally, it is 
foreseen that the control of the stoichometry of GeO,, s or of the size of Gc nanocrystals in 
sp-Ge, for example, by changing spark conditions, seem to be desperate tasks, since the 
material has been found highly inhomogeneous, even across a single sparked Ge film, 
and with the method being more or less uncontrollable. 
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5.4.2 Future Work 
It has been established by this study that simultaneous micro-Raman and micro-PL 
spectroscopy pose great advantages in determining the material type (or the simple 
chemistry) responsible for the PL, provided that the nature of the material let show 
differences between such spectra. Since the sp-Ge films showed such a behavior indeed, 
it is favourable to propose that the microstructure of sp-Ge films would enable one also to 
study the origin of the other PL bands (blue and yellow-green) using the same methods 
but different excitation energies. 
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5.5 SUMMARY 
We have studied the structural properties of visible luminescent Group IV 
nanostructures (SiGe and Ge) that have been rather much less studied in the literature, for 
example, in comparison to Si nanocrystals in porous Si. The confinement of phonons in 
SiGe nanocrystals has been shown, for the first time, in anodised porous SiGe films, 
utilising micro-Raman spectroscopy. Several methods, such as chemical etching, ion- 
implantation and subsequent annealing, and spark processing, were employed to 
synthesise Ge nanostructures. Properties of 2-10 mm Ge nanostructures, ranging in 
structure from partially amorphous to crystalline, and in various environments e. g. oxide 
matrices were studied. They showed PL between 2.0 to 2.3 eV in the visible at room 
temperature. It has been demonstrated that the visible luminescence from these materials 
can originate from other chemical origins, such as defects in GeO., s or defects in host 
matrices, as well as from Ge nanocrystals. It is strongly recommended that 
nanocrystalline samples with a wider range of particle sizes must be prepared, preferably 
as oxide-free, using the first two methods and characterised optically throughout (such as 
with PL and bandgap measurements) between near IR and near UV, in order to establish 
a global relation between the particle size and the PL emission from Ge nanocrystals that 
is unambiguous and comprehensive. 
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